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PREFACE 


These Lessons are intended to serve the purpose of introducing 
beginners to the study of Expenmental Physics My object 
has been, not only to provide a certain amount of useful 
information, but also to give an idea of the methods by which 
this information can be most directly obtained The course 
has therefore been made expenmental, and such bnef instruc- 
tions are given as are required for making or using the 
apparatus and carrying out the expenments I have re- 
peatedly tned and modified each expenment so as to present 
It in a simple form and avoid the more usual causes of 
failure. 

I am well an are that many educational authorities hold that 
teachers of science (more especially in schools) should confine 
their instruction to the pnnciples of the subject, inthout 
entenng into details of manipulation or methods of expenment 
To the teacher who aims chiefly at getting ‘ results ’ this view 
readily recommends, itself it saves trouble and ex'pcnse, and 
enables him to devote more time to laws and generalisations 
Unfortunately the results thus obtained are not of great value 
A schoolboy may be taught to repeat glibly certain forms of 
ivords respecting the conservation of energy or the atomic 
theorj' , but, until he has acquired considerable famihanty 
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with the behaviour and properties of bodies, the words coniej 
no clear idea to his mind. My own expenence in teaching 
has led me to the conclusion that students who come to college 
with an elementar)' knowledge of science acquired in this wa> 
are verj unsatisfactory' matenal to work with They have 
been accustomed to get their knowledge at second hand from 
their teacher or their book , and they find an experimental 
course more troublesome, more tedious, and apparently more 
uncertain They are easily discouraged and do not see how 
much can be learned from their own failures The method 
fails to bring out one of the chief advantages of saence as an 
educational subject — the training in the habit of observation 
and of learning from things at first-hand 

In the methods of reasoning, as well as in the choice of 
•words and subject-matter, I have earnestly endeavoured 
to be as simple and clear as possible. But I hav e made no 
attempt to shirk the necessary' difficulties that even the 
beginner must, sooner or later, meet There still remains 
much truth jn Rousseau’s words ‘Parmi lant d’admirables 
mdthodes pour abreger I'etude des saences, nous aunons grand 
besom que quelqu’un nous cn donnSt une pour les apprendre 
avec effort’ 

The paragraphs m the book which are printed m smaller 
type may be omitted on the first reading as being of less 
importance or greater difficulty Most of^be illustrations have 
been engrav ed vnth great care by Mr J D Cooper from my 
own sketches and photographs of simple apparatus Others 
hav e been borrowed, and for these I am mainly indebted to the 
courtesy of Messrs Macmillan. The quesUons at the ends of 
the chapters are taken partly from the elementary papers of 
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the Science and Art Department, and partly from my Examples 
in Physics 

My warmest thanks are due to Mr B B Skirrow, B A , of 
the Mason Science College, Birmingham, and to Mr D S 
Macnair, B Sc , Ph D , of the People’s Palace Technical 
Schools (E ), for their kind advice and assistance in seeing the 
book through the press 

D E JONES 

UMi-ERsm College of Wales 
Aberistweth, March 1891 




CONTENTS 



HEAT 



CHAP 


PAGE 


Temperaturf 


I 

'La 

Thermomfters 


7 

3 

Expansion of Solids 


14 

4 

Expansion or Liquids 


22 

S 

Expansion of Gases 


27 

6 

Specific Heat and Cai okimetr\ 


39 

7 

Change of State — Fusion and SoLiuincAnoN 

48 

8 

Changf of State — Vaporisation and 

Condensation 

sc 

9 

Hl gromltrl 


72 

lO 

Transmission of Hfat — Conduction 

o 

79 

I I 

Transmission oi* Heat Convection 


So 

12 

Transmission of Heat — Radiation 


oy 

97 


Answers to I^xampi ls 


HI 


LIGHT 



I 

Introduction, Shadows, etc. 


11s 

2 

Photometri 


123 

3 

VELocm of Light 


I3I 





CONTENTS 


alA? lAGF 

4 Reflectiov of Light — Pj ane Mirrors 135 

^5''^piiERicAL Mirrors 148 

6 Refraction of Light 169 

7 Lenses 191 

8 Optical Instruments 212 

9 Dispersion and Colour 217 

Answers to Enamplfs 224 


SOUND 


t Introduction— VinuATORV Motion 229 

2 Waa e Motion 236 

3 Transmission op Sound — Its VELOcm 242 

4 Refiection of Sound 250 

5 Pitch and Music/VL Intfr\ais 255 

6 Pkanssprsi- Vihk \tions of Strings 263 

7 Rf^onancf 269 

8 Vibration oi- Air Columns — Organ-Pipes 272 

Answers to Examples 280 



NOTE ON THI! 

METRIC SYSTEM OF WEIGHTS & MEASURES 


The weights and measures used m this book axe for the most part those 
based upon the Frcneh or Metnc Sjstem In this system the standard of 


length IS the length of a certain bar of platinum 
presen ed in Pans This is called a metre, and is some- 
what more than a jard (3^ 37 inches) It is divided 
into tenths, hundredths, and thousandths, which arc 
called decimetres, centimetres, and millimetres respec 
tuelj Both m measunng and in calculating this decimal 
method of division is much more convenient than our 
way of dividing up a yard into 3 feet, each equal to 12 
inches and so on We shall use as our unit of length 
the centimeti-e The relation between the centimetre and 
the inch can be seen from the accompany ing figure 

The unit of area is a square centimetre, and the unit 
of \olume a cubic centimetre (commonly abbreviated into 
‘ICC.) The 1 olume of a cubic decimetre is called a 
litre since i decimetre = 10 centimetres, it follows that 
a litre (or cubic decimetre) contains 1000 c c A litre is 
somewhat more than a pint and three quarters 

The standard of weight — or rather of mass — is called 
a kilogramme, and is a little more than •z\ lbs It is 
divided into 1000 parts called grammes \Ve shall use 
the. gramme as our unit of mass 

The Bntish standard pound bears no simple relation to 
the units of length and volume used m this country , but 
the onginal standard kilogramme was so constructed as 
to have a mass equal to that of a cubic decimetre (or 
litre) of water at a temperature of 4° Centigrade Thus 
ICC (one-thousandth of a cubic decimetre) of w ater at 
4° C weighs exactly one gramme (one thousandth of a 
kilogramme) 

A little e.\penence wall show the student how con- 
venient It IS to have a definite and simple relation 
between the unit of volume and the imit of mass he 
wall also find that by using a decimal system we avoid a 
number of troublesome calculations, such as those re- 
quired for reducing miles to inches and pounds to 
ounces The system is now generally used in scientific 
books, and by scientific men in all countnes hence it is 



advasable that the student should acquire some acquaintance with it at as 
early a stage as possible. 
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CHAPTER I 

TEMPERATURE 

1 Hot and Cold Bodies — When we stand m front 
of a fire on a cold day we experience a pleasant sensation of 
warmth The same sensation is produced, in a more or less 
pleasant degree, when we touch objects in the neighbourhood 
of the fireplace which have been ivarmed by the fire We 
attribute the sensation, in the first case directly, and in the 
second case indirectly, to the heat given out by the fire, and 
objects ivhich produce this feeling when we touch them are 
said to be hot Objects which have not been wanned by 
the fire ivill generally produce a sensation of an opposite kind, 
and we say that they feel cold In ordinary language we 
frequently use the same word to denote the effect produced 
and the cause which produces it thus we speak of the 
sensation of heat Whatever heat may be, w'e may for the 
present regard it as something that produces m us the sensation 
of warmth Let us now consider more closely what w-e mean 
by the terms ‘hot’ and ‘cold,’ and how we can best find 
out which of two bodies is hotter than the other ■ 

You w'lll perhaps say that this can easily be found out by 
touching each of them with the hand and finding out which of 
the two feels the hotter Now try this in a room heated 
artifiaally, say a hothouse which is heated by steam or hot- 
water pipes The pipes themselves, and perhaps the objects 
nearest to them, will feel very hot, and we may naturally assume 

B 
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that they are really hotter than other objects But these 
latter produce sensations which differ among themselves m a 
surpnsing manner The wooden shelves on which the flower- 
pots are arranged do not appear much wnrmer than the hand 
Itself, whereas the iron brackets on which they are supported 
feel uncomfortably hot , a piece of slate or iron m a far 
comer of the room may even appear hotter to the hand than a 
wooden shelf just above the heaUng apparatus or a stnp of 
matting wound round the pipes, so that nearness to the source 
of heat cannot be the cause of the difference in behaviour 
Before concluding that the iron and slate are really warmer 
than the wood and matting we ought to eatend our observa- 
tions and examine them more closclj, so as to see whether 
there is any source of error 

Trj' a cold room next, say an ordinarj' dwelling-room on a 
cold day and without anj fire Touch the vanous articles m 
the room as you walk round and note the sensations which 
they produce in the hand The table and chairs appear some- 
what cold, the mantelpiece (if of slate or marble) colder, and 
the fireplace and fire-irons colder still fhe carpet and table- 
cloth scarcely produce any sensation of cold at all, and if jou 
bury jour hand in a thick soft hearthrug it will appear warm 
to the touch after a while. The naked soles of the feet, which 
are ordinarily preserved from extremes of heat and cold by 
stockings and leather soles, are cv'en more sensitive than the 
hands You can readily test this by drawing a heartlmig near 
to a slate or tiled hearth and standing bare-foot partly on 
each the rug scarcely produces any sensation of cold, but the 
hearthstone is uncomfortably cold, and the floor between 
slightly cold And in this case we have no good reason for 
believing that the stone is really colder than the wood, or 
the wood than the rug 

2 Conduction of Heat — If j ou take a poker and push 
the point of it well into a fire, jou will find that after a while 
the handle begins to get warm, the heat travels along the 
poker by a process which is called conduction. You can 
observe the same thing in a teaspoon partly immersed in hot 
water, and if you take two different teaspoons — a common one 
made of Bntannia metal and a silver one — and put them in the 
same cup of hot water, you will find that the handle of the 
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Silver spoon gets hot more quicklj-- than the other The sih e 
conducts heat more rapidly than the alloy, or is said to be : 
better conductor Metals are generally good conductors o 
heat, and stone, slate, and marble are fairly good , i ood is i 
bad conductor, and wool, flannel, and fur still worse Not. 
when you take hold of a warm iron rod heat at once begins to 
flow from the hot body (the iron) to the colder bodv (your 
hand) which is m contact with it, and, since iron is a good 
conductor of heat, there is also a rapid flow of heat from all 
parts of the rod toward that part which is cooled by contact 
with the hand. Thus there is a rapid transference of heat 
from the iron to your hand , your hand gets warm quicklj 
and you sa> that the iron ‘ feels hot ’ An equally hot w ooden 
rod would not ‘feel’ nearly as hot to the hand wood is such 
a bad conductor that the part of the rod first cooled by contact 
with the hand would practically remain cool And so when 
you touch a cold bodj , if it is a good conductor, iron or stone, 
heat flows from your hand and is rapidly conducted away into 
colder parts of the body But if it is a bad conductor, such 
as flannel, most of the heat taken from vour hand remains in 
the part of the flannel w'hich is m contact wnth the hand, and 
so It soon begms to feel warm Thus the heat-sensation which 
you expenence when you touch a body wuth your hand depends 
not only upon whether the body is hot or cold, but also to some 
extent upon its conducting power It also depends upon the 
previous state of the hand, as can be shown by tlie following 
expenment 

Expt I — ^Take three large basins and fill the first wnth ice 
or a freezing mixture of ice and salt Into the second pour 
tap-water or water slightly warmed, and into the third water as 
hot as the hand can bear Plunge ) our left hand into the ice 
and your nght into the hot water after holding them there for 
a few minutes put both hands m the middle basin The water 
in It will, by contrast, appear cold to >our right hand, w'hile, at 
the same time, it feels w'arm to the left hand. 

3 Temperature — In scientific language a hot body is said 
to have a high temperature, while a cold body is said to haxe 
a low' temperature. It is important that you should understand 
exactly w'hat this term temperature means It is not the same 
thing as heat Nor is it a quality of any particular body, for 
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a bod> may be cold at one time and hot at another it is 
simply a state or condition of a body Temperature is some 
times defined as being the ‘state of a body mth respect to 
sensible heat,’ but ne had better from the outset a\oid the 
use of any terms which w'ould seem to indicate that there are 
different kinds of heat 

When two water astems at different levels are connected 
b) a pipe, the difference of level produces a pressure which 
causes the w'ater to flow from the higher cisiem to the lower 
one. So when a hot body is placed in contact with a colder 
body heat flows from the hot body to the colder one. Here 
the difference m temperature corresponds to the difference in 
level of the water cisterns, and the heat flows from the body at 
a higher temperature to that at a lower temperature, just as 
water tends to flow from a higher to a lower level We are 
thus led to the followang definition — 

Temperature ts a condition of bodies that dete> mines which 
of two bodies when placed in contact will part with heat to the 
other 

The body which parts with the heat is said to have the 
higher temperature , if there is no transference of heat the 
two bodies are said to be at the same temperature. 

4 . Effects of Heat — Expansion. — The pnnapal effects 
produced by applying heat to a bodj are (i) change of size, (2) 
change of temperature, and (3) change of state We shall 

begin by observing how heat causes 
solids, liquids, and gases to expand, 
and then go on to see how this ex- 
pansion can be used as a means of 
measunng temperature 

Ex.PT 2 — Expansion of Solids 
— This can be observed by taking 
a brass ball and a nng (Fig i) 
which fits It loosely, so that the ball 
can just pass through the nng when 
both are cold After the ball has 
been heated over a spint-lamp or in 
the flame of a Bunsen burner it will 
no longer pass through the nng but 
nil rest upon it thus showing that it has expanded. As the 
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ball cools It contracts to its original size, and the ring, being 
warmed by contact, also expands a little so that after a few 
minutes the ball drops through 

E.XPT 3 — ^Expansion of Liquids — Fit a small ^ flask with a 
cork and long narrow glass tube Fill the flask with water 
coloured by a little litmus tincture or solution of indigo , push 
the cork m so as to force the 
coloured w'ater half-way up the 
tube and see that no air is en- 
closed below' the cork Make a 
morable index out of a piece of 
card or stiff paper by cutting tw'O 
slits near the ends and slipping 
It o\er the tube, as m Fig 2 
On immersing the flask in luke- 
warm water its contents will 
expand and the column of 
coloured water in the tube W'lll 
gradually ascend 

* Liquids expand w'lth heat 
more rapidly than solids, and 
air and other gases more rapidly 
than either 

Expt 4, — Expansion of 
Gases — The expansion of air 
can be obsen'ed in a simple 
way with a flask (empty) fitted 
as abo\e Hold the flask upside dow'n with the open end of 
the tube just dipping under water , the heat of the hand 
applied to the flask is enough to make the air expand, as can 
be seen by tlie bubbles which escape through the water To 
fit up the instrument for permanent use take a bottle wnth 
a fairly broad bottom, pour a little coloured water into it, and 
by means of a good thick cork fix the tube m the neck of 
the bottle w'lth the end dipping under the water (Fig 3) In 
the side of the cork cut a slit so as to allow the air to pass 

1 In fitting up apparatus for an expeninent the exact size u ill depend largelj upon 
whether it is to be used for private observation or class demonstration In order to 
avoid unnecessary details in the text, man) of the fibres are draw n to scale. The 
scale IS either marked on the engraving or beneath it thus Fig a is one tenth [i/io] of 
the natural size, "rhe sizes thus indicated are generally those suitable for class w ork. 
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freely in and out of the lower bottle Place your hand on the 
flask, or heat it gently by holding a lighted match near it, until 
about a dozen bubbles of air have been expelled , the air will 
contract on cooling, and the column of liquid will ascend about 
half way up the tube, vihich should be provided with a movable 
index as before The instrument now forms a fairly sensitive 
thermosoope , by watching the movements of the column of 
water you can find out when heat is imparted to, or taken 
awny from the air m the flask Thus you can tell whether a 
given sample of water is hotter or colder than the air , for you 
can pour a few' drops of the water upon the inverted bottom of 
the flask, and if the temperature of the water is higher than 
that of the air, expansion wall occur and the column will 
descend and vice versa Or again, by mov ing the thermoscope 
from one room to another you can compare the temperatures of 
a senes of rooms 
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THERMOMETERS 

6 What we have called an air-thermoscope (Art 4) is 
sometimes called an air-thermometer, but it does not desen'e 
to be dignified with this name, for a thermometer (as its name 
implies) ought not only to indtcaie chajiges of temperature but 
also to measure them Our air-thermoscope does not always 
give the same indication when exposed to the same temper- 
ature , Its indication, t e the height at which the column of 
water stands, depends upon the pressure of the atmosphere, 
which varies from time to time For this and other reasons it 
would not be easy to use it (in the form described) for 
measunng temperatura Liquids are not affected by changes 
of atmosphenc pressure as gases are. A rough kind of ther- 
mometer can be made by blowing a bulb at one end of a narrow 
glass tube and filling it with coloured water or some other 
liquid the liquid should then be warmed and the open end of 
the tube sealed But how is the thermometer to be graduated ? 
You might affix a paper or cardboard scale to it and divide 
this into a convenient number of equal parts, say twenty or a 
hundred , but you would find if you made another ther- 
mometer in the same way that the two would not give the same 
indications at the same temperature Your graduation being 
an arbitraa^r one, the indications of one instrument cannot be 
compared wth those of another A more scientific way would 
be to begin by choosing tn o standard temperatures as ‘ fixed 
points’ to which all thermometers could be referred The 
fixed points always adopted are the temperature at which ice 
melts and that at which water boils If you immerse a ther- 
mometer in melting ice, or in a mixture of ice and water, you 
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will find that it always registers the same temperature , this 
IS called the melting-point of ice, and is taken as the ‘louer 
fixed point’ of the thermometer The temperature at i\hich 
water boils varies slightly \'ith the atmospheric pressure, but 
for a given pressure it is constant, so that if vie fix upon a 
certain pressure as the standard atmosplierio pressure, 
then the boiling point of water will give us a second or ‘higher 
fixed point’ for our thermometer These two fixed points are 
very convenient standards of reference, for both water and ice 
can always be obtained in a state of punty 

Thermometers are never filled with water a water-ther- 
Imometer could only be used through a verj' limited range of 
'temperature , it would be impossible to mark the fixed points, 
'and even between these the expansion of water is very' irregular 
Mercury (quicksih'er) can be used through a much wider range 
of temperature , it ex-pands more regularly than other liquids, 
and for these and other reasons it is almost always preferred 
as a thennometric fluid 

0 Construction of a Mercury Thermometer — A bulb 
is blown at one end of a capillarj' glass tube, tea tube with a 
very fine bore On account of the contained air and the fine- 
.ness of the bore the bulb cannot be filled by pouring mercuiy' 
^ down, but if you gently warm it so as to expel some of the air. 



Fig 4 Thermometers. 

and then dip the open end of the tube under mercury', a little 
of this will be sucked up as the air cools and contracts The 
process of heating and alternate coohng must be repeated 
several times until the bulb and tube are filled with mercury', 
finally the whole is carefully heated, so as to dnve off any con 
tamed air and moisture ^Vhlle the mercury' is still warm the 
end of the tube is closed by cautiously directing a blow-pipe 
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■flame against it, so as to fuse the glass , a vessel closed m this 
waj'- is said to be herme'fcically sealed. The thermometer 
should now be allowed to cool ver>' slowly, and should be put 
aside for several days before the fixed points are marked 
After the bulb is blowm it does not contract at once to the 
size which it finally assumes , the greater part of the con- 
traction may occur in the first hour or so, but the bulb goes 
on shrinking gradually for a long time after Good ther- 
mometer-makers keep a stock of filled lubes, and do notj 
graduate them until about a year or so after they are filled / 
7 Marking the Meltmg-pomt — In order to determine 
the lower fixed point tlie bulb and part of the stem of the ther- 
mometer must be covered with 
melting ice or snov Put the 
pounded ice or snow in a large 
glass funnel supported on a tnpod 
(Fig 5 ) , push a pencil or pen- 
holder into the ice so as to make 
a hole into which the thennometer 
IS to be intioduced, and pack it 
round w ith finel> -pounded ice 
After It has stood for a few minutes, 
readjust it so that only the top of 
the mercury column can be seen 
above the ice , lea\ e it for a quarter 
of an hour, and then mark off the 
height of the column by making 
a fine scratch on the glass -with 
a diamond point or a sharp three- 
cornered file 

8 The Boihng-pomt — In de- 
termining the upper fixed point the 
bulb and as much as possible of the stem are immersed m 
a current of steam The apparatus used is shown in Fig 6 
The steam ansing from the boiling water ascends through 
the inner of the two concentric cylinders, descends (as 
shown by the arrow's) through the annular space betw-een 
them, and escapes into the air by the spout C The ther- 
mometer IS fixed by a cork in a hole m the lid, and should 
be pushed down until the top of the mercur}'' column is only 
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just visible aboic the cork. After standing for a quarter of 
an hour (or until the mercury has stopped nsing), the height 
IS noted At the same time the barometer should be read 
if its height IS 76 centimetres (sec p 29) the pressure is that 
nhich IS taken as the standard atmospheno pressure, and 

the boiling-point is ex- 
actly the temperature 
which is taken as the 
upper fixed point for 
A thermometers If the 

pressure is greater, the 
boilmg-pomt is higher 
and verm, the 

corrections to be made 
for these changes will be 
understood after reading 
Chapter VIII It is im 
portant to expose as 
much as possible of the 
stem, as well as the 
bulb, to the steam the 
I bulb should not dip into 
j the water, for the tern 
perature of the boiling 
water itself is somewhat 
uncertain 

9 Graduation — 
The Centigrade Scale 
— The interv al between the two fixed points can now be divided 
up into a number of parts of equal volume called degrees In 
thermometers intended for scientific use the number adopted is 
one hundrM, the lower fixed point being marked 0° and the 
upper loo'a Thermometers so graduated are called Centi- 
grade theimometers, and the Centigrade Scale is the one 
which will bkmsed throughout this book. The graduation is 
effected by etbliing it on the glass stem of the instrument 
this is covered X'uth a thin coating of wa.x, upon which the 
divisions and nunmers are marked with a needle point so as 
to lay bare the glass, after which the marks are etched or 
bitten into the glass wuth hydrofluoric acid 
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The graduation can be extended above the boilmg-pomt 
(ioo°) and below the freezing-point (o°) Temperatures below 
the freezing-point are indicated by a minus sign ( — ) prefixed 
thus ‘-io° C’ IS read ‘minus ten degrees Centigrade,’ and 
indicates a temperature of ten degrees Centigrade below the 
freezing-point of water 

10 The Fahrenheit Scale — On the Continent (especiallj 
in France) the Centigrade scale is used not only for scientific 
purposes but universally In England the Fahrenheit Scale 
IS still m popular use. In this scale the inten al between the 
two fixed points is divided into i So equal parts or degrees 
Since the same inten^al of temperature is divided into loo 
degrees m the Centigrade scale, it is clear 
that one degree Fahrenheit is equal to five- 
ninths of a degree Centigrade, and a degree 
Centigrade is equal to nine-fifths of a degree 
Fahrenheit Further, the zero (or o° mark) 
on the Fahrenheit scale is not placed at the 
melting-point of ice but 32 degrees Fahrenheit 
lower , this is about the temperature given by 
a mixture of ice and salt, and was erroneously 
supposed by Fahrenheit to be the lowest tem- 
perature which could be attained Thus the 
melting-point of ice is marked as 32“ m the 
Fahrenheit scale and the boiling-point of water 
as 212° (32” 180° = 2 12°) The relation 
between the two scales is shown in Fig 7, 
and the following examples illustrate the 
method of conversion from one scale to the other 

U. Oonversion of Scales — Ex i Find the Centi 
grade temperature corresponding to 77° F 

77° F IS 77-32 = 45 Fahrenheit degrees above the freezing-point 
or Cenhgrade zero, and this is equivalent to 45 x - = 25 Cenugrade 
degrees The required temperature is therefore 25° C 

Ex 2 What IS the Fahrenheit temperature corresponding 
to 15° C 

15 Centigrade degrees are equivalent to 15 x ^=27 Fahrenheit degrees 
and since the Centigrade zero counts as 32° F , the required tem- 
perature IS 32° 4- 27° = 59° F 
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The rules for conversion of scales may be stated thus — 

To change from Folircnheit to Centigrade. — Subtract 32, multiplj the 

remainder by 5 and dmde by 9 

To change from Centigrade to ralirenheiL — Multiply by 9, dmde 

by 5 and add 32 

12 Advantages of the Mercurial Thermometer — 
The convenient form and size of the mercunal thermometer, its 
cheapness, the ease with which it can be read and the fact that 
the readings give the temperature directly v ithout any correc- 
tions, for barometric height, — these are all points in its 
favour By making the capillary bore of the tube very fine and 
the bulb comparatively large, it can be made almost as delicate 
as we please, eg thermometers can be made to measure the 
one-hundredth part of a degree Centigrade The special advan 
tages of mercuty' as a thermometnc fluid are — 

(1) The large range of temperature which it allows (Mercury solidifies 

at - 38’ 5 and boils at 357° ) 

(2) The regulant) of its e-vpansion 

(3) It IS opaque, this enables us to follow the movements of a fine 

Uiread of the liquid with ease 

(4) Its specific heat (see Art 40) Is low (o 033) and it is a good con 

ductorof heat , thus it rapidly takes the temperature of the medium 

in which It IS placed, 

13 Errors and Corrections — (1) The grradual rise of the zero 
point -Tfliis IS due to the slow contraction of the bulb and has beer 
referred to m Art 6 Every thermometer used for accurate work should 
from ume to time have its zero point redetermined as desenbed in Art 7 
The requisite correction can then be applied throughout the scale , e g the 
new zero point is found to be 0° 8 this amount must be subtracted from all 
readings so that a reading of say, 18° 4 would indicate a temperature of 
17° 6 

(2) Temporary lowering: of the zero point — ^This occurs when 
the instrument has been subjected to a high temperature, as in deter- 
mining the boihng point of a hqmd , the bulb does not contract at once to 
Its normal size so tliat for some hours afterward the readings of the 
thermometer are too low 

(3) Error due to exposure of the etem. — This is a frequent source 
of error in determining high temperatures e ^ in finding the boiling-points 
of hquids It is not sufficient to immerse the bulb alone in the vapour of 
the liquid for m this case the whole of the mcrcurv is not at the same 
temperature , a portion of it (that contained m the exposed part of the 
stem) IS at a lower temperature approximately that of the surrounding 
atmosphere and in consequence the reading wall be too low The 
most satisfactory way of dealing vvath this error is to remove it alto- 
gether by subjecting the whole of the mercury column to the temperature to 
be measured (see Art 8) 
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(4) Errors due to position and pressure — A thermometer used 
m a honzontal position will gi%e higher readings than when it is vertical, 
on account of the removal of the h}drostatic pressure due to the mercury 
column in the vertical position this tends to compress the mercury and 
dilate the bulb Thermometers exposed to great pressure give readings 
which are too high on account of compression of the bulb 

E'va’Mples on Chapter II 

1 On a certain daj I found that the temperature of the air rose through 
13 5 degrees Fahrenheit between sunnse and mid-day through how many 
degrees would a Centigrade thermometer have nsen ? 

2 Find the temperatures on the Centigrade scale corresponding to the 
foUowung 59° F , 104° F , 185° F , 203° F 

3 Find the temperatures on the Fahrenheit scale corresponding to the 
following 90“ C , 80“ C , 30° C , - 5° C 

4. Express on the Fahrenheit scale the temperatures at which mercury 
sohdifies ( - 38° s C ) and bods (357° C ) 

5. A thermometer is graduat^ so that it reads 15 in melting ice, and 
60 m normal steam , convert into Cenugrade degrees the readings 20 and 
90 taken on that thermometer 

6 Calcvdate the temperatures Centigrade corresponding to loo” F , 
-40“ F o“F g8“F 

7 The normal temperature of the human body is 98“ 4 F MTiat is- 
It on the Centigrade scale ? At what temperature will the readings of a- 
Centigrade and a Fahrenheit thermometer be the same? 
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14. Linear Expansion of Metals, etc — The followng 
IS one of the simplest wajs of observing the increase in length 
of a metal bar when it is heated, 

Expt 5 -^Lay a flat bar of iron, about i ft long, across two 
wooden blocks, as in Fig 8 Under one end (between it and 



Fig 8 um. 

the block) place a fine sewing-needle at right angles to the 
length of the bar On the other end place a weight, so as to 
keep It fixed, and make the bar bear well down upon the needle 
Attach a light straw pointer by seahng-wax to the eye end 
of the needle, and at nght angles to it 

Heat the bar wnth a spirit-lamp or Bunsen burner as it 
expands the free end moves forward and rolls the needle round. 
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Since the needle is small, a very slight movement of the end 
will make the pointer move through a sensible arc 

Repeat the experiment mth strips of glass (which should be 
heated cautiously), copper, zinc, etc 

16 Unequal Expansion of Metals — Different metals 
do not expand equally nhen heated The following expen- 
ments show that brass expands more than iron when both are 
heated through the same interval of temperature 

EXPT 6 — In Fig 9 IS showm a ‘gauge’ consisting of a brass 
(or copper) bar ivith two cross pieces nveted at right angles to 



Fig 9. 

Its length These are so adjusted that at ordinary temperatures 
they just gnp an iron bar placed between them 

On passing the bars backward and forward through a flame, 
so as to heat them equally, it will be found that the iron bar 
drops out The brass expands more than the iron and can no 
longer gnp it firmly 

Expt 7 — Take two thin stnps of iron and brass respectively 
solder or rivet them together, hammer the compound stnp 



Fig JO. 


straight, and then heat it by holding it over a fire or passing it 
through a gas-flame On account of the unequal expansion of 
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the metals the stnp bends, the more expansible metal (brass) 
being on the outside of the curve (Fig lo) 

16 OoefBoienta of Expaneion — Experiment shows that 
when a metal bar is heated it expands uniformly, and the ex- 
pansion or increase in length is proportional (i) to the 
onginal length of the bar, (2) to the interval of temperature 
through which it is heated, and (3) to a certain fraction 
which depends upon the nature of the substance, and which 
IS called the coefficient of linear expansion of that sub- 
stance 

The coefficient of linear expansion of copper is about ° 000017 

If a bar of copper 30 inches in length at 0° be heated to 1°, its length 
will become 30 -1 — - — 'j inches or 30 (i + 0 000017) inches , and, since 
the expansion is proportional to the nse of temperature, at 10° its length 
will become 30 ^i-l — mchcs or 30 (x + o 000017 x 10) inches and 
so on 

Ihe coefficient of linear expansion of a substance may be defined in any 
of the following ways — 

Definition i — If a bar of any substance be heated through 1°, its length 
will increase by a certain fraction and this fraction is called the coefficient 
of linear expansion of the substance. 

Definition 2 — The coefficient of hnenr expansion is the ratio of the in 
crease of length produced by a nse of 1° to the original length 

Definition 3 — The coefficient of linear expansion is numerically equal 
to the increase in length produced in unit length of the substance by a nse 
in temperature of 1° 

Let a denote the coefficient of linear c-xpansion of a body whose length 
at 0° is / starting wath ane one of the above definitions you wall easily see 
that the e.\pansion produced by heating the body to i° will be /a/, and 
that its length /' at i" wall be ^ven by the equation 

j /' = /+/a/=/(i +o^) (i) 

You will find examples of the use of this equation at the end of the 
chapter, and you should make j ourself thoroughly familiar with it. 


Approximate Coefficients of Linear Expansion 


Glass 

0 ocx)oo86 

Platinum 

0 0000086 

Iron 

0 000012 

Copper 

0 000017 

Brass 

0 000019 

Zinc 

0 000029 
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17 Examples and Applications of Expansion — You 
will see by the above table that glass and platinum have the 
same coefficient of expansion These two substances expand 
and contract at the same rate, so that if a platinum wire is 
fused into a glass tube the joint ivill remain good on cooling 
It is mainly on this account that whenever a metallic ivire has 
to be fused through the side of a glass vessel platinum is 
always used If you try to fuse a copper wire into a piece of 
glass tubing, you will find that on cooling the copper contracts 
more rapidly than the glass, and so a crack is started which 
makes the joint leaky 

Boiling water may be poured into thin glass vessels such 
as beakers and flasks ivithout much danger of cracking them 
But glass IS such a bad conductor of heat that, if boiling water 
IS poured into a thick-bottomed tumbler, the inside of the 
tumbler expands before the heat has had time to reach the 
outside, and in consequence of this irregular expansion the 
glass cracks 

The best way of loosening a glass stopper when it has 
stuck fast in the neck of a bottle is to make use of the expansion 
of glass by heat. Hold the neck of the bottle over a small gas- 
flame, turning it round so as to heat it gently and uniformly 
the neck expands before the heat has time to penetrate farther, 
and after tapping the stopper with a knife or key it can generally 
be pulled out 

Exft 8 — Stretch an iron or platinum ivire, two or three 
feet in length, honzontally , if you have no suitable clips for 
holding It, support it on bricks inth heavy weights placed 
on top Heat it by means of a long burner placed underneath, 
or, better still, by passing an electncal current from a battery 
tlirough iL As the wire expands it bends or ‘ sags ’ under 
the influence of its own weight on cooling it tightens up again 
This sagging can be observed m telegraph ivires, and is more 
noticeable in summer than in ivmter 

Standard yard-measures and metre-scales are constructed so 
as to be of a given length at a definite temperature thus the 
metre is defined as being the distance between the ends of a 
rod of platinum made by Borda, the rod being at the icmpetature 
of melting ice A scale which is correct at 0° will not be 
correct at 15°, for it mil have expanded, and its real length 

C 
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Will be greater than its apparent length to make allowance for 
this we require to know the cocfTicient of expansion of the 
material of the scale, and then we can calculate its real length 
at any temperature according to equation (J) Art i6 Such 
corrections ha\c to be applied to all brass and glass scales 
affixed to barometers, etc 

18 Force exerted in Expansion and Contraction — 
Great force is required to stretch a bar of iron apprccnbl>, 
and when such a bar is made to expand b> heat a corre 
spondingl) large force is exerted against any obstacle which 
resists Its expansion 

If the bars of a furnace were firml> fixed at both ends, they 
would, in endcaiouring to expand, cither loosen the masonrj on 
either side, or else the bars themsches would bend Instead 
of this, the) are fixed at one end onl) and arc free to expand 
at the other end , or, as in boiler-furnaces, the fire bars arc not 
fixed at all at the ends, but simply rest upon cross bars 

Wheelwrights employ the force of contraction in making 
cart-wheels When the wooden framework of the wheel is 
ready it is placed in position on the ground the tire or iron 
nm, which is made somewhat smaller in diameter, is heated 
until It has expanded sufficicnil) to allow the wheelwright to 
slip It on. Cold water is now poured o\cr the iron, and as it 
shnnks it binds the parts of the wheel fimil) together 

In making railways, especially if the rails arc laid in cold 
weather, a space of about a quarter of an inch is left between 
each rail and the next in order to allow for expansion in summer 
In all large metal structures engineers cndcaiour to obtain 
freedom of movement under changes of temperature. In the 
Britannia tubular bndge over the Mcnai Straits this is secured 
by resting the metal tubes on rollers at one end , and in the 
huge Forth bndge, which has recently been constructed, tiie 
rails on the 1700 feet span are free to slide to the extent of 
18 indies 

19 Oompensation of Olocks and Watchea - — Tlic 
rate at which a clock goes is controlled by the moicmcnts 
of Its pendulum, and the time taken by the pendulum to swang 
backw ards and fonvards depends upon its length You can test 
this wath a pendulum consisting of a bullet hung from a stnng 
If the string is a metre (or about 39 inches) in length, the 



17-19 


EXPANSION OF SOLIDS 


19 


bullet takes just a second to swing from side to side if you 
reduce the length of the stnng to one-quarter, it will swing 
twice as quickly Now the metal rod which supports the bob 
of a pendulum expands and contracts as the temperature nses 
and falls, so that unless the pendulum is compensated for 
changes of temperature tlie clock ^vlll go slower m summer 
than m winter 

If you refer to the table in Art 16, you will see that the 
coefficient of expansion of brass is 
about times that of iron ^ -x — 

Now let AC (Fig ii) repre- | 

sent an iron rod and BC a brass ! 

rod, the two being connected by a J 

cross bar at C if the iron rod is i 

made just times as long as the ! 

other, both ivill expand equally 
when the temperature rises 
Further, if the point A is fixed, 
the iron rod AC will expand down- 
wards, while the brass rod CB will 
expand upwards through the same 
distance, so tliat if A were the point | 

of suspension of a pendulum and 
B Its bob, the length of the pen- [ 

dulum would not be affected by a 
change of temperature A pendu- 
lum made exactly as in Fig 1 1 
would be long and awkward , the 
form commonly used is the ‘gnd- 6== 
iron pendulum’ shoivn in Fig 12, 
in which the dark lines represent 
iron rods and the lighter lines brass rods 

If you examine a watch, you will find in it a wheel with 
a heavy nm, which is called a balance-wheel this svnngs 
backwards and forwards and regulates the rate of the watch as 
a pendulum does that of a clock In hot weather the wheel 
expands and the w'atch tends to go more slowdy in order to 
prevent this, good watches and chronometers are fitted with 
compensated balance-wheels, in which the nm is divided into 
two or three separate pieces (Fig 13), each of which is fixed 
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to a spoke -It one end and is loaded at the free end Each 
portion of the nm is made of two metals of unequal expan- 
sibility, such as steel and brass, the more 
expansible metal being outside this is 
shown m Fig 13, ivhcre the black segments 
represent steel and the shaded ones brass 
You hat e learned from Evpt 7 (Art 1 5) 
that such strips curl tnivaids when heated, 
and in so doing they throw their loaded 
ends nearer the centre of the wheel At 
the same time tlie direct expansion of the 
spoke pushes the nm otitivards Tliese two effects can be 
made to compensate one another so as to keep the time of 
oscillation the same in summer as m winter 

I 20 Superficial and Cubical Expansion. — VYith the necessary 
diango of terms the coefficients of superficial and cubical e-xpansion may 
be defined in the same way os the coefficient of linear expansion (Art 16) 
Let ABCD represent a square each of whose sides is of unit length at 
0° (In the figure each side is an inch 
long and the area ABCD is a square inch ) 

Let the coefficient of linear otpansion of 
the matennl of which the square is made 
be denoted bj a on heating it from 0° to 
1° the square will expand so that each side 
increases in length from i to i-l-a Let 
Afcrf be the expanded square each of the 
short lengths Bd Drf represents the linear 
expansion (a), and the shaded border at the 
bottom and nght hand represents the super 
ficial expansion or increase of area. Con- 
sider the stnp a its length is unity nnd 
Its breadth is a thus its area is a (or that 
fraction of an inch) nnd so is the area of Ctf 
If ive ticglccl the comer i>icce Cc its size being %ery small compared with 
AC or we may sa) that the increase of area is aa and the increase 
is produced by raismg the temperature of unit area through 1° Hence 
(sec Def 3 Art 16) the coefficient of superficial expansion is ea or is 
double the coeffiaent of linear expansion 

This may also be shown m another wa} The length of each side of 
the expanded square at r° is i -t- a The area of the square is therefore 
(i-l-tt)- = i -)-2a4-a- Now a — the coefficient of linear expansion — is 
always a small fraction the largest coefficient given in Art. 16 is less 
than o 00003 so that the largest value of a- is less than o 00000009 
and in comparison with the other quantities this is so small that we mav 
neglect it. 
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Similarly It can be pro\edthat the coefficient of cubical expansion is 
approximately three times the coeffiaent of linear expansion Consider 
a cube each of whose sides is of umt length at o° and of length i + a at 
1“ The rolume of the cube at the latter temperature is 

(i + a)® = i + 3a + 3a- + a® 

We have already seen that a- is very small and is smaller sull 
we may therefore neglect the last two terms The \olume of our cube 
which was umty at 0° becomes i+ga at 1°, and therefore the coefficient 
of cubical expansion is 30, 


E-^amples on Chapter III 


(The coefficients of expansion used are given on page 16) 


1 Find the length at 200“ of a line rod whose length at o' 

If we denote bj' the length at 200°, then bj equation ( 

= 128(1 + 200x0 000029), 

= 128 X I 0058=128 7424 cm 

2 A piece of brass wire is exaptly 3 metres long at 250'' 
us length at o°? 

Using the same sjstem of notation, we haie 

300 


’ IS 128 cm 
i), page 16, 


what will be 


I + (250 y o 000019) 


= =298 582 cm 

I 00475 

3 An uron steam pipe is 40 feet long at 0° w hat will be its length when 
steam at 100° passes through it ? 

+ What is meant by sa}ang that the coefficient of expansion of steel is 
o 000012? Assuming the highest summer temperature to be 40° C , and 
the lowest winter temperature —20* C , what Allowance should be made 
for expansion m one of the 1700-feet spans of the Forth Bndge ? 

5 The length of the iron railway bndge across the Menai Straits is 
about 461 metres Find the total expansion of this iron tube between 
- 5° and 35“ 

6 A copper rod, the length of which at 0° is 2 metres, is heated to 
200" what will Its length now be’ At what temperature will its length 
be 200 51 centimetres’ 

7 An iron j’ard-measurc is correct at the temperature of melting ice 
express, as a fraction of an inch, its error at the temperature of boiling 
I'ater 

8 The coefficient of hnear expansion of brass is o 000019 'WTiat avail 
be the volume at roo° C of a mass of brass, the volume of which is i cubic 
decimetre at o" C ’ 
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EXPANSION OF LIQUIDS 

2 L Beal and Apparent Expansion. — In the expcnmcnt 
wih a flask and tube dcscnbcd in Art. 4 U is not the real 
expansion of the liquid that is obscn ed The flask expands 
at the same time and its capacit> increases, so that the 
observed or apparent expansion of the liquid is less than its 
real expansion That the flask does expand can be shonai 
tn a very stnking naj b} heating it suddenl) Instead of 
immersing it m lukenarm water, so as to heat it gradually, 
plunge It at once into hot water and watch the top of the 
column m the tube This will fall as if there were a sudden 
contraction of the liquid the contraction soon ceases and is 
followed by a steady nse of the column The apparent con 
traction is accounted for b> the fact that the flask expands 
before the heat has time to pass thiough the glass and warm 
the water inside Thermometers behave m the same waiy 
It is clear that the liquid expands more than the glass, for 
otherwise there would be no nse of the column 

We have thus to distinguish between the real expansion 
of a liquid and its apparent expansion as observed in a 
glass vessel It can be proved Uiat the real expansion is 
equal to the apparent expansion together with the cubical 
expansion of the containing vessel 

22 Unequal Expansion of Liquids — ExPi 9 — Fit 
up tliree glass flasks wath tubes as in Ex-pt 3 The flasks 
should have a capacity of about 100 c c, but in any case thej 
should be of the same size and be fitted with tubes of the 
same bore. Fill one flask with mercurj, the second with 
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coloured water, and the third with some other liquid, such as 
alcohol or common methylated spirit coloured with turmeric 
Put in the corks so that the liquids stand at the same height 
in the three tubes and fix a cardboard scale behind to indicate 
this height Place the three flasks side by side m a tin trough or 
any other convenient vessel and pour into this sufficient luke- 
warm water to cover the flasks up to the corks Wait until the 
expansion has ceased and there is no further nse when this is 
the case the flasks and their contents ivill be all three at the 
same temperature, and to make sure of this you may stir the 
water about so as to mix iL 

You will now find that all three columns have risen, but to 
different heights the mercury has risen least, the water next, 
and the alcohol or spirit much more than either At the 
beginning of the expenment the three liquids were at the same 
temperature and occupied the same volume they haxe been 
heated through the same interval of temperature and now they 
occupy different volumes What you observe is, of course, the 
apparent expansion, but as the flasks are of the same size and 
made of the same material, it follows that the observed expansion 
IS less than the real expansion by the same amount in all three 
cases We can, therefore, conclude with certainty from this ^ 
expenment that different liquids expand unequally when heated , 
through the same interval of temperature in other words, j 
different liquids have different coefficients of expansion '■ 

23 Measurement of Apparent Expansion, — If a glass vessel 
filled with any liquid is warmed, a portion of the liquid over- 
flows , and if you weigh the amount of the liquid expelled 
and also that which is left in the xessd, you can calculate the 
coefficient of apparent expcinsion of the liquid in glass The 
vessel used is a sphencal or cylindncal glass bulb with a 
narrow neck, and is called a welght-tliermometer 

Exit io — To find the coefficient of apparent expansion 
of mercury Make a weight-thermometer by blowing a bulb 
at the end of a piece of thermometer tubing, or seal off one 
end of a wide tube and draw out the other end into a fine 
neck. Bend the neck twice at nght angles, as shown in Fig 
15 Weigh the emptj thermometer Fill it in the same way 
as an ordinary thermometer (Art 6) by dipping the open end 
or beak under mercuiy and alternately heating and cooling 
the bulb until all air is expelled and the mercury fills the bulb 
and tube completely Allow it to cool slowly (with the beak 
stiU dipping under mercury) to the temperature ■of the air and note what 
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that temperature is Clean and weigh a small porcelain crucible and 
place It under the beak of the thermometer Warm the bulb and its 
contents to a convenient knotvn temperature (say 6o°) by immersing it in 
a large beaker of hot water Weigh the mercury which overflows into 
the crucible also dry and weigh the thermometer 

You can improve the above method by cooling the mercury in melting 
ice to 0° (instead of to the temperature of the air) and heating it to ioo° in 
the boihng-pomt apparatus (Fig 6) The followang are the results of such 
an expenment — 

Weight of mercury expieUed at 100° 8 49 gm 

Weight of mercury contained in thermometer at 100° 54 S j 

The amount expelled (8 49 gm ) represents the increase in volume 
produced by heating 545 gm through 100“ one hundredth of this, or 
o 0849 fltti , represents the increase of \T>lume for a rise of 1° 

The ratio of this to the orignal volume (see Def 2 Art 16) is the co- 
efficient of apparent expansion which is therefore equal to o 0849/545, or 
o 0001558 

From this the real expansion of mercury can be found when the cubical 
expansion of the glass is known Assuming according to Art 20, that 
the coefficient of cubical expansion of the glass is 3x0 0000086 or 
o 0000258 we find that the coefficient of real expansion of mercury is 
o 00015584-0 0000258 = 0 0001816 

24. Peculiar behaviour of Water — When xvater is 
gradually cooled it does not contract regularly down to the 
freezing-point, but begins to expand again before it reaches this 
temperature 

Expt 1 1 — Make a coil of lead tubing by bending it round 
a bottle Close the lower end with a cork , leave the other 
end sticking up and fit it unth a cork and narrow tube. Fill 
the coil and tube wth uater this is best done by sucking up 
the water before the bottom cork is pushed in Now cover the 
coil with ice and watch the water in the tube. At first it falls 
rapidly , gradually the contraction becomes slower, and after a 
while the column comes to rest then it begins to nse, showing 
that the contraction has been followed by an expansion 

Remove the ice and let the water gradually nse to the 
temperature of the air at first it contracts, then stops, and 
finally begins to expand 

The temperature at which the water occupies the smallest 
volume IS 4 * both below and abov'e this temperature its 
volume increases This is expressed by saying that water has 
Its maximum density at 4 ° 

The density of a substance is defined to be the mass of 
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unit-volume of that substance If M be the mass of a body 
and V Its volume, its density is given by the equation D = MfV 
If we measure mass in grammes and volume in cubic centi- 
metres, the density of a substance will be measured by the 
number of grammes m a cubic centimetre of that substance 
Thus vhen ve sa> that the density of mercury is 136, we 
mean that 1 c c of mercury weighs 136 grammes When a 
substance expands by heat its density becomes less in propor- 
tion as Its volume increases The follomng expenment shows 
that hot w ater is lighter or less dense than cold water 

EXPT 1 2 — Boil some water in a flask or saucepan, adding 
a few drops of ink or indigo solution to colour it Half fill a 
beaker with cold water and on its surface float a thin piece of 
wood. Pour the hot water gently upon this the w'ood nses 
ivith It but ser\ es to break its fall and prevent it from rushmg 
at once to the bottom of the beaker The hot water does not 
mix immediately with the cold water, but being lighter floats 
above it, and is easily distinguished by its blue colour 

25 Hope’s Expemnent — Hope showed by the following 
expenment that water has its maximum density at 4’ 

A freezing mixture is applied round the middle of a cjdindncal 
jar (Fig 16) filled with water at the temperature of the air 
Thermometers are inserted through 
holes m the sides of the vessel, so 
as to give the temperature of the 
water m it at the top and bottom 
The first effect produced by the 
freezing mixture is that the lower 
thermometer falls, whereas the 
upper one is scarcely afifected this 
show’s that the water sinks to the 
bottom as it is cooled by the freez- 
ing mixture. But the temperature 
indicated by the low'er thermometer 
does not fall steadily to the freezing- 
point — it stops at 4° Now the 
upper thermometer begins to fall, and it falls right down to 0° 
This shows that water at 0° is lighter than water at 4°, and 
sivims upon its surface 

This fact IS of great importance in nature, for the process 
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which we have descnbed is just what takes place in ponds and 
lakes in winter As the water cools it becomes heavier and 
sinks to the bottom, its place being taken by wanner and 
lighter water If water contracted regularly down to o°, this 
process would go on until all the water in the lake was 
reduced to o°, and it would then begin to freeze outnght. But 
the arculition stops as soon as the temperature reaches 4'’ , 
after this the colder water floats on the surface and gradually 
freezes Ice is lighter than water and is also a bad conductor 
of heat , thus the sheet of ice formed on the surface of a 
lake to some extent protects it from further cooling The deep 
water of lakes in our climate seldom falls below 4°, so that fish 
can exist in them through our coldest wnnters 


Exampixs os Chapter IV 

1 Distinguish between the real and apparent expansion of a liquid 
contained m a glass vessel If the coefficient of apparent expansion of 

mercury contained in a glass vessel is while its coefficient of real 

expansion is w hat is the coefficient of cubical expansion of the glass ’ 

2 The volume of a gramme of water being i c c. at 4° and i 0169 c.c. 
at 60° what IS the mean coeffiaent of expansion of water between these 
temperatures ? 

3 Calculate the coefficient of apparent expansion of mercury in glass 
from the following results of an expenment with a weight-thermometer — 

Weight of mercurj expelled at 100° ro 2877 gm. 

Weight of mercury contained m thermometer at 100° 659 gra 

4 A wcight-lhcrmometcr which contains a Idlogmmme (1000 gm ) of 
mercury at 0° is placed in an oil bath and the mercury expelled is found 
to weigh 20 grammes Find the temperature of the filth, the coeffiaent 
of apparent expansion of mercuiy fn glass bang o 000155 

5 A flask containing ice-cold water is warmed gradually by letting it 
stand in a room at 10° How will the volume of the water alter during 
the process ’ WTiat would happen if the flask were plunged into hot water 
so as to heat it more quickl) ? 

6 A pond of water has been cooled just to the point of freezing would 
jou expect the temperature and density of the water to be the same at the 
top and bottom of the pond? 

7 The coeffiaent of hnear expansion of glass is o 000008, and a certain 
glass flask holds exact!) too c c. of water at 0° X\Tiat wfll be the volume 
of the water contained when the flask and its contents are heated to ioo°? 



CHAPTER V 

EXPANSION OF GASES 

26 Behaviour of Guses as compared vrith Liquids 
and Solids — Every boy who has used a pop-gun knows that air 
can be compressed or diminished m volume by increasing the 
pressure upon it In the pop-gun a certain quantity of air is 
shut off between two corks m a tube by pressing a rod against 
one of the corks it is pushed nearer the other , the \ olume of the 
enclosed air is gradually diminished and, at the same time, 
Its pressure gradually increases At last the pressure becomes 
great enough to blow out the front cork, and the enclosed air 
suddenly expands and returns to its onginal state. 

If you fill the pop-gun vuth water, you know that the water 
accommodates itself to the form of the tube, as indeed it does to 
the form of any vessel into which it is poured But if you cork 
up the vuter and try to compress it in the same way as air, you 
will find tliat you cannot do it , either the front cork is pushed 
out at once, or else the water leaks out through the corks It 
IS true that water can be slightly compressed by subjecting it 
to great pressures, but you would require a much stronger 
instrument than a pop-gun to do this, and a much more 
delicate means of observing the effect 

Not only are gases more compressible than liquids, but 
they also show a tendency to expand which liquids do not 
possess If you pour a cupful of water into a glass flask, the 
water lies at the bottom of the flask, and a definite surface 
separates the water from the air above it It easily ac- 
commodates Itself to the shape of the flask, but it shows no 
tendency to accommodate itself to the size of the flask, t e to 
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hll It On the other hand, if \ou pump out all the air from a 
flask and then introduce into it a small quantit)' of air or any 
other gas, ho\\e\er small the quantity of the gas may be, it 
will expand and fill the flask entirely And if the size of the 
flask could by any means be increased, the gas would still 
expand and continually fill it 

Thus you see what are the peculiar properties of solids, 
liquids, and gases A solid has a definite form and shape, 
which cannot be altered except by applying force to it A 
liquid has no definite form, but takes the form of the \essel 
which contains ik A gas not only has no definite form, but its 
bulk or \olume can also be readily' changed it can be easily 
compressed and it also tends to expand so as to fill completely 
any \essel in which it is placed 

27 Pressure of the Atmosphere — E\pt i 3 
Choose a glass tumbler having a smooth nm and fill it to the 
bnm wath water Slide a piece of stiff paper over the nm, so 
as to cover it and exclude all air-bubblcs Place your hand on 
top and turn the whole upside down On removing your hand 
you will find that nothing happens — the water does not run out 

What is It that supports the water? It is simply the 
pressure of tlic atmosphere. This pressure is exerted by the 
air in all directions — dowaiwards, upwards, and sideways in 
the above experiment the air underneath the paper presses 
It upwards and so prevents the water from falling out It can 
be showai by experiment and calculation that the pressure 
exerted by the atmosphere upon objects at the surface of the 
earth is about equal to a weight of 15 lbs per square inch, 
or somewhat more than a w eight of 1 000 grammes on ev ery 
square centimetre The pressure on the mouth of a pint 
tumbler would be over 1 00 lbs weight — far greater than the 
weight of the water contained in it You will have some idea 
of what this atmosphenc pressure amounts to when it is stated 
that the pressure exerted by the air on a house is generally 
greater than the weight of the house itself We will now see 
how this pressure can be measured 

28 The Baxometer — Expx 14 Close one end of a 
dean glass tube about a yard in length, and fill it with mercury' 
Place your thumb ov er the open end (taking care that no air is 
enclosed) and inv ert the tube in a small basin or glass mortar 
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containing mercury', keeping ^our thumb tightlj pressed 
against the open end of the tube until it 
IS well under the mercury’ Non remove 
jour thumb Only a portion of the mer- 
cury runs out of the tube , a column of 
mercurj about 30 inches or 76 centimetres 
in height is supported in the tube bj the 
pressure of the atmosphere. Repeat the 
experiment mth tubes of different lengths 
and diameters, and measure the height of 
the column each time , you mU find that it 
does not depend upon the size of the tube 
provided that the tube is always long 
enough 

The instrument is called a barometer, 
because it enables us to measure the weight 
or pressure of the atmosphere The space 
m the tube abov e the mercury is as near an 
approach to a vacuum or emptj' space as we can obtain it 
IS called the Tomcellian vacuum, after Torricelli, bj whom 
the e-xpenment was devised. The barometric height vanes 
from time to time and from place to place according to the 
changes of the atmosphenc pressure We shall adopt a 

pressure equal to that of a 
column of mercury 76 centi- 
metres high as the standard 
atmosphenc pressure, 
jj 29 Boyle’s Law — Expt 
i 15 Choose a long glass tube of 
uniform bore , clean it carefully^, 
close one end and bend it as in 
Fig 18 The open end should 
be more than 76 centimetres long 
Fasten the tube to an upnght 
board and pour into it a little 
mercury (less than is shown in 
the figure), so as to close the 
By pounng more mercury into the open hmb you can 



bend 


find out the effect of varynng the pressure upon the air shut 
off in the closed hmb 
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Suppose that the height of the barometer is 76 centimetres 
When the mercury is at the same level in both limbs of our 
tube the pressure of the enclosed air is the same as that of the 
air outside it is equal to that of a column of mercurj' 76 
centimetres high Now pour mercury into the tube until the 
difference of level (D'C) between the closed and open limbs is 
76 centimetres , this produces an increase of pressure equal to 
the onginal pressure of the enclosed air You have mcreased 
the pressure upon it from one atmosphere to two atmospheres, 
and you will find that the volume of the air is m consequence 
reduced to one-half If you were to increase the pressure to 
three atmospheres, you would see that the volume could be 
reduced to one-third, and so on 

By such experiments Boyle was led to discover the following 
law — 

Boyle's Law — Tlit volume of a given mass of gas is 
inversely proportional to its pressure 

In what is stated above it is supposed that the temperature 
of the gas is kept constant , we now proceed to consider the 
effect of heating a gas 

30 Equal Expansion of Gases — We have already 
seen that heat causes both liquids and gases to expand, and 
we found from Expt 9 that different liquids have different 
coefficients of expansion the following expenment will show 
us that this IS not true of gases 

Expt i 6 — Choose two flasks of equal capacity (as m Expt 
9), fitted with corks and narrow tubes Bend the tubes so 
that they may dip under water contained in a dish Fill 
two equal test-tubes wnth water and invert them over the 
open ends of the tubes Have ready s6me hot water and a 
tin trough deep enough to contain the flasks Before putting 
the flasks in position fill one of them with coal-gas by 
upw'ard displacement , or you may fit it witli another tube 
and clip and drive a current of coal-gas through it Pour 
hot water into the trough until the flasks are covered 
up to the corks The contents of both flasks expand 
rapidly — far more rapidly than the liquids in Expt 9 
The increase of volume can be measured by the amounts 
of gas collected m the two test-tubes You will find that 
these amounts are equal And if you repeat the expenment 
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with hydrogen, oxygen, or nitrogen, you will always get the 
same result 

We learn from this (i) that gases expand more rapidly than 
liquids , (2) that equal volumes of these gases expand equally 
when heated through the same interval of temperature — in 
other words, that they have the same coefficient of expansion 

31 Charles’s Law — Experiments made by Charles, and 
soon afterwards by Gay-Lussac, have established the following 
law — 

Charles’s Law — The vobnne of a given mass of gas ^ kepi 
at a constant pressuie, ina eases by a aefintie fraction of its 
amount at o* for each degree nse in temper aim e 

This fraction is called the coeffiaent of expansion of the 

gas For all the gases referred to above (air, oxygen, 

hydrogen, nitrogen) its value is o 00366, or about L 

273 

Thus if we take a quantity of gas whose volume at 0° is i 
(unity). Its volume will become 


I -b — at i“, 

273 

I ^ at 2°, 

273 


and 


at 3% 

273 


I -b at / 

273 


Or if we denote by the volume at 0° and by Vj the 
volume at then 


V, 




273) 


(0 


Tx I — A certain quantity of oxygen occupies a volume of 300 
c c at 0° find its volume at 91° 

The reqiured volume is given by the equation 
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If we idoptlhe symbol o to denote the coefficient of expansion, we may 
put equation (i) into the algebraical form 


V,=Vo(i+a^ 


(=) 


from which we obtain 


Vo = 


V. 

i + at 


(3) 


an equation by which we can find the tolume at o° when the TOlume at i° 
IS given 

With reference to this important law observe the following points — 

(a) Kept at a constant pressure. — ^These words are inserted because 
the law only holds good if the pressure remains constant if it vanes, the 
volume also vanes according to Boyle s Law (Art 29) 

{i) ‘ For each degree — The increase of volume is proporbonal to the 
nse of temperature 

(c) The coefficient of expansion (which is darted by the statements at 
the beginning of this article) is the same for aU the gases named This is 
in accordance with Expt 17 

{d) ' Of Its amount at 0° — Just as a certain pressure (76 cm of 
mercury) is adopted as the standard atmosphenc pressure so this tempera 
ture (0°) is adopted as the standard or normal temperature for measunng 
the volume of a gas and the value of the coeffiaent of expansion is stated 
vnth reference to this If )ou are given the volume ai 20° you are not at 
liberty to say that at 21° the volume wtU have increased by the same fraction 

( You must either find b) equation (3) its volume at o®, and then by 

\^73' Q 

equation (2) its volume at 21 or you may proceed as follows — 


Given the volume Vi of a mass of gas at f, to find its volume Vj 
at t'° 

As in equation (2) we can refer the volumes at both temperatures to 
the volume Vj at 0° thus 


V( = Vo(i + ar), 
and Vt = Vo(i +or') 

It follows that 

Vt j + ad 
Vt ~z + at 

Vt =V,(i + a/')/{i + aO 

Since a = ^ vve may write equation (4) in the form 

Vt'_T'i '^/°73 273 + f 
Vt “ i +// 273~273 + '' 

which IS convenient for calculation (see ne.xt article) 


(4) 


( 5 ) 


32. Absolute Temperature — Charles’s law holds good 
not only for expansion on heating but also for contraction on 
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cooling Thus if the volume of a certain mass of gas at 
be I (unity) its volume on cooling would become 


and 


I 


I 



at — 


at — 


I 


o 

5 


J 


t 

' ~ 273 


at-/” 


Now suppose the gas to be cooled down to — 273° if this 
were possible, and if the law held good down to this tempera- 
ture, the volume of the gas would be reduced to zero (for 

I j _ j _o^ This temperature (—273°) is commonly 

called the absolute zero of temperature A scale of tempera- 
tures m which this is taken as the zero is called the absolute 
scale of temperature, and temperatures reckoned according 
to this scale are called absolute temperatures Clearly the 
absolute temperature corresponding to any given temperature 
on the Centigrade scale will be found by adding 273 to it 
Thus the following are corresponding temperatures — 


Centigrade Scale. 


Absolute Scale 


100° 

= 73 ° 

f 


= 73 ° 

274° 

373 ° 


^46“ 


'r = 273° + /° 


It %vill now be seen that the numerator and denominator on the nght- 
hand side of equation {5) represent respectively the absolute temperatures 
corresponding to t'° and f on the Centigrade scale , denoung these by T' 
and T we may wite the equation in the form 


V( _'r 
■^~f 


( 6 ) 


or, The volume of a given mass of gas ts proportional to its absolute tem- 
perature 


= — IS litres of air are cooled from 27° to 7” b) how much 17111 
the volume dimmish ? 

The absolute temperature corresponding to 27° C is 273° + 27° = 300° , 
and the absolute temperature corresponding to 7° C is 273“ -1- 7° 
=280° Let V be the volume of the air at the lower tem- 
D 
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perature since the volumes are proportional to the absolute 
temperatures, 

V _28 o _ 14 
i5~3oo~is' 

or V = 14 litres 

Thus the volume of the air becomes i litre less 

33 Change of Pressure at Constant Volume — We have hitherto 
supposed the gas to be kept at constant pressure under such conditions 
that It IS free to expand ns its temperature rises Suppose now tliat 
instead of keeping the pressure constant we keep the \olume constant , 
what anil happen when the gas is heated ? It will exert an increasing 
pressure upon the a alls of the vessel in which it is contained and expen 
ment shows that the pressure increases m the same way and at the same 
rate as the increase of volume discussed m Art 31 We have thus to 
distinguish between two sets of conditions under which a gas may be 
heated, with the corresponding effects — 

Condition Effect 

(i) Constant Pressure Increase of Volume (according 

to Charles s law) 

(a) Constant Volume Increase of Pressure (according 

to the same law) 

For the second case we may therefore put Charles s law in the follotvmg 
form 

The pressure of a given mass of gas, kept at constant volume, increases by 
a definite fraction of its amount at o’ for each degree nse in temp>erature 

Tins fraction is called the coefficient of increase of pressure at constant 
volume , Us value is the same ^ as that of the coefficient of increase of 

\ 273 / 

volume at constant pressure. AU the equations given above (r 6) apply 
equally to change of pressure , e g equation (2) may be vvnttcn 

(7) 

where Po denotes the pressure at o”, and P, the pressure at t° 

Ex 3 — A steel cylinder placed in melting Ice is filled watli com 
pressed oxygen at a pressure of 42 atmospheres if the cylinder is now 
taken out of the freezing mixture and allowed to stand in a room at 26° 
what will the pressure become? 

Since the pressure increases by — of its original value at o” for every 
degree rise in temperature, the pressure at 26° will be 

Poe=4=(r + f^^J=42(i + ^) 

42 X 23 

= — = 46 atmospheres 

34, Air-Thermometers — AVe may here refer to an instru- 
ment called the differential air-thermometer, a convenient 
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form of which, is shown in Fig 19 The U-tube m the centre 
contains enough coloured water to fill each limb to a height 



of a couple of inches Each limb 
is connected by a short piece of 
rubber tubing with a glass tube 
having a bulb at the end If one 
of the bulbs — say the left hand one 
— be wirmed, the air in it wll ex- 
pand and force the liquid column 
or index down in the leA-hand limb 
in the U-tube and up in the nght- 
hand hmb The differential air- 
thermometer gives us an easy and 


Fig 19 [i/io] 

delicate means of finding 
whether there is any differ- 
ence of temperature between 
two liquids and will be used 
for this purpose in Expt 1 8 
If there is any difference, the 
index moves downwards on 
the side nearer the warmer 
liquid , if both liquids are at 
the same temperature, the 
index remains at rest 

rhe cross -tube and stop -cock 
are not absolutely necessary but 
are useful for equalising the pres- 
sure m the two bulbs and levelling 
tile index at any time A simple 
but serviceable form of differential 
thermometer can be made from a 
couple of small glass flasks and a 
piece of tubing bent six limes at 
right angles, thus — |~"| j“"l 

After what we have said about 



changes of pressure and volume, r r / , 

you wall be able to understand why 

we cannot use the air-thermoscope (described m Art 4-5) as a thermometer 
The atmosphenc pressure changes from Ume to time, causing alterat.oiS Tn 
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the volume diminishes m the inverse proportion and becomes 
14 X 13 cubic feet. 

We ha\e next to find what nse of temperature above 0“ would bnng 
back the volume from 13 to 14 cubic feet The expansion per 

degree is cu^ic feet The expansion for x degrees would 

be — and this must be equal to 1 cubic foot Hence x=2i, and 
21 

the required temjjerature is 21“ 


3 On heating a certain quantity of mercunc oxide it is found to giie off 
380 C.C of oxygen gas, the temperature being 23° and the barometnc height 
74 cm what would be the volume of the oxygen measured at the nor- 
mal pressure and temperature ? 


First allow for the change of pressure, according to Boyles law, 
assuming the temperature to remain constant. Since the volumes 
are inversely proporbonal to the pressiues, the gas would occupy 


under a pressure of 76 cm a volume of 380 x^ = 370 c c 

70 

Next allow for the change of temperature, the pressure remaining 
constant and equal to 76 cm The absolute temperatures corre- 
sponding to 23° and 0° are 296° and 273° respiectively At the 
latter temperature the volume would be 


37-xil=T=34xi 

Thus the volume at the normal pressure and temperature would 
be 34iJ- c c 


4 A certain quantity of gas measures 260 c c at 0° what would be 
Its volume at 63°? 

5 To what temperature must a g-rs be heated in order that its volume 
may become double of what it is at 0° ? 

6 A certain quantity of gas measures 90 c c at 0° at what tempera 
ture wall us volume become 120 c c ? 

7 The volume of a gramme of hjdrogen at 0° is ii 16 hires what is 
Its volume (i ) at 30°, (2) at 50° ? 

8 200 cubic centimetres of air are heated from o” to 30° and at the 
latter temperature the volume is found to be 222 c.a what value does this 
give for the coefficient of expansion of air? 

9 A closed glass tube filled wath air at 0° and under atniosphenc pres- 
sure IS gradually heated. If the tube can safely stand a pressure of 3 
atmospheres, to what temperature may it be heated ? 

10 A litre flask contains i 293 gm of air at 0° how' much wall it 
contain at 100° ? 

11 The pressure upon a gas is doubled, and at the same bme its tem- 
perature IS raised from 0° to 91° how is the volume altered ? 

12 A certain quantity of gas occupies a volume of 66 c c at 13° what 
will be Us volume at 52°? At what temperature will its volume be 63 
c c ? 
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13 At what temperature will the \oIume of a given mass of gas be 
exactly double of what it is at 30“? 

14 The pressure upon a gas is doubled and at the same time its tem- 
perature IS raised from 13° to 299° how does this affect its volume? 

rS Find the volume at the normal pressure and temperature of a 
quantity of gas which measures 392 c.c at 21“ and under a pressure of 
80 cm [Sec Ex 3 ] 

16 If 3000 cubic inches of air at 0° C expand by ii cubic inches for 
each degree nse of temperature find the volume at 100° of a quantity of 
air which at 50° measures 100 cubic inches, the pressure being supposed 
to undergo no change. 

17 T^e pressure inside a steel cvlinder containing compressed oxygen 
IS measured by means of a manometer and is found to be 30 atmospheres 
at a temperature of 27° The cjhnder is now surrounded by a freezing 
mixture, which reduces the temperature to - 13° and the pressure falls to 
26 atmospheres Find the coefficient of increase of pressure. 

18 A steel cylinder placed in melting ice is filled with compressed 
oxygen at a pressure of 42 atmospheres , if the cjlmder is now taken out 
of the freezing mixture and allowed to stand m a room at 26" what wall 
the pressure become? (Assume that the coefficient of increase of pressure 
is-L) 

jp A light lath I metre long can turn about a hinge at one end A piece 
of wire 2 metres long is attached to the lath at a distance of i cm from 
the hinge. The wire is vertical, and its upper end is fixed m such a wa> 
that the lath is horizontal On heaung the wire 50° C the end of the 
lath smks through 16 cm, find the coefficient of expansion of the wire- 
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SPECIFIC HEAT AND CALORIMETRY 

35 Distinction between Temperature and Heat — 
We now proceed to that branch of our subject which is called 
calonmetry, and which treats of heat as a measurable quantity 
The important difference between temperature and heat may 
be illustrated by comparing it with the difference between the 
‘ level ’ or height of a cistern and the quantity of water in that 
cistern. If two cisterns at different levels are connected by a 
tube, the water will tend to flow from the higher cistern to the 
one at a lower level so in the case of two bodies in thermal 
communication, heat tends to flow from the one at a higher 
temperature to the one at a lower temperature But you cannot 
tell from the height of the cistern how much w'ater there is in 
It, or how much work you could make the water do by turning 
a w'heel Similarly, the thermometer indicates the temperature 
of a body, but does not of itself tell us how much heat w'e can 
get out of the body ^ You may have a bucketful of hot water 
and a thimbleful of water equally hot they are at the same 
temperature, but it is clear that the bucketful w'ould give out 
more heat than the thimbleful in cooling through the same 
number of degrees And this is equally true of the amounts 
of heat required to warm them through equal ranges of 
temperature 

^ Avoid the use of the term • heat contained in a body ’ It is 
misleading , at any rate it is of no practical importance, for w e are only 
interested in finding how much heat is gi\cn out or absorbed by a body 
when It IS cooled or heated, and this obviously depends not only upon its 
temperature at the Ume but also upon the temperature to which it is 
cooled or heated 
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36 Heat as a Measurable Quantity — In mcisunng 
Icngtlis i\e express them in tenns of a certain unit of Icnt'th 
— the cenfiiiietiL \\c state the mass of a hod> as bemg^ so 
many grammes — using the gtantme as the unit of mass , and 
so, m order to measure and cxpiess quantities of heat, vc 
require to choose a Jual-umt^ which is defined as follows — 

The u)tii pf heat ts tin aiiiouiit of heat required to heat a 
gtnmmc of 'oattr thtough orcdtgne Tins is the same as the 
amount of heat given out by a gramme of water in cooling 
through 1° 

It is clear that the amount of heat required to raise the 
temperature of 2 grammes of water through i° is twice as 
great as that rcquiicd to heat i gramme through i° — or is 
equal to 2 heat units to heat lo grammes through i° would 
require to units , and so on, the quantilj of heat being 
proportional to the mass of the substance heated 

Again, experiment shows that the amount of heat required 
to w'ann a body through a given range of temperature is 
proportional to that range of temperature, / e to the number 
of degrees through which it is heated Thus to heat i gramme 
of water from o° to too” we require too units (the same 
amount as would be required to heat loo grammes from o° to 
1°) To heat too grammes of water from o" to loo* we require 
loox ioo= 10,000 units A hilogrammc (looo grammes) of 
water in cooling from 75° to lo” gives out 1000x65 = 65,000 
units of heat. In general, the amount of heat required to raise 
m grammes of water through 0 ° is gi\ cn b> the equation 

H=wi 9 (i) 

37 Spectflo Heat — The question now anscs — If we take 
equal weights of different substances and heat them through 
equal intervals of temperature, shall we find any dificrences 
between the amounts of heat required? The following ex- 
periments supph the answer and show that there are such 
differences 

Expt 17 — Apparatus required — A few metal balls or 
bullets (with hooks attached) made of lead, iron, tin, bismuth, 
etc , a cake of beesw'ax (or a mixture of beeswax and 
vaseline) about 6 mm or quarter of an inch tliick this 
may be made by pounng the melted wax. into a flat dish or 
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by melting the ^vax on the surface of hot water, an oil- 
bath 

Suspend the balls from stnngs, or on a rvire support (as m 
Fig 21), and heat them to about 150° m the oil-bath Drop 
them simultaneously on to the 
wax cake The iron ball melts 
through first, and is followed by 
copper, zinc, and tin Lead is 
barely able to get through the 
bismuth ball will probably not 
get through at all 

Now the rate at which any 
ball melts through depends 
chiefly upon the amount of heat 
which It gives out in cooling, 
for this determines how much 
wax It will melt , it also depends 
upon the density (Art 24) of 
the ball, for the densest ball 
would tend to sink fastest through 
the melting wax, as it would 
if the balls w'ere throivn into 
treacle The lead ball is heavier 
than any of the others the density of lead is 1 1 4, while that 
of iron IS 7 2 Although the lead is so much heavier it does not 
get through nearly as quickly as the iron We conclude from 
this that iron in cooling gives out more heat than lead does 



Fig 21 (1/8] 


Expt 1 8 — Place equal quantities (about 400 c c ) of 
w'ater in two beakers, and in these immerse the tw’o bulbs of 
the differential thermometer (Art 34) Take equal w'eights 
(100 grammes) of water and any metal, say lead shot, and put 
them m separate test-tubes Plunge the tw'o test-tubes into the 
same vessel of hot w ater, and, after keeping them there for i o 
minutes, pour the hot lead into the left-hand beaker and the 
hot water into the other, moving the bulbs of the thermometer 
slightly so as to stir the contents of the beakers The index 
of the differential thermometer will move, showang that the 
contents of the nght-hand beaker have been warmed more than 
those of the other 
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\Vc conclude from tins tint the wntcr gucs out more hcnt 
than the lead in cooling through the same interval of tempera 
turc,^ and this is found to hold for all other metals. The 
expenment ma> be vaned by immersing equal weights ol 
different metals in the two beakers it will be found that 
similar differences exist among the metals This is expressed 
by sa>ing that ever)' substance has a distinct speoifio heat, 
and this term is defined as follows — 

The spatfic heat of a substaMCC if the yoho bci'-vun the 
ntnount of heat ycqinrcd to ra se a cmeyi yytnss of that substance 
thyough a givcyi yyitemal of ieynperatuyt nyni the ayyioymt Oj 
heal yegutred to raise an equal mass of'iHiUr throusth tl r saute 
tntirva! of tenipeyaturt. 

Thus when we saj that the specific heat of mercury is ,5*^ 
or 0033, we mean that the amount of heat required to raise 
a given mass of mercury through anj mtenal of temperature 
IS only one thirtieth of the amount of heat required to raise an 
equal mass of water through the same inten“il of temperature 
or that m cooling through the same range of temperature 
water would evolve thirt) times as much heat as an equal 
mass of mercur) 

We hav c seen (Art 36) that m 0 units of heat arc required 
to cause a rise of temperature of 0 " m tn grammes of water 
(the specific heat of which is unitj) For anj other substance, 
the specific heat of which is less than unit) and equal to s 
sa), the amount of heat required wall be less in the same 
proportion and will be given by the equation 

H=wf6 (a) 

which also expresses the amount of heat given out b) a bodv 
of mass ni and speafic heat r m cooling through 

The follovvang examples will illustrate the use of this 
important equation — 

1 — How much heat is required to raise the temperature of a 
kilogramme of mercur) (specific heat = o 033) from 20° to 170°? 

Here 0 = 170° - ao°= 130° and J7i = x kgm =rooo gm 
H = f«jO = iooox o 033 X 150 = 4950 
and the amount of heat required is 4950 units 


* The fact that the hot water rcallv falls through a somewhat smaller 
range of temperature only makes the experiment more conclusive 
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Ex 2. — ^If 342 units of heat are imparted to 150 grammes of iron 
(speafic heat=o 114) onginally at 10" what tviU be the final temperature 
of the iron ? 

If we suppose the temperature of the uon to be raised through F* we 
know that 

343 = 150x0 ii4xfl 


and 


e=- 


342 342 


150 xo 114 17 I 


Thus the final temperature of the iron will be 10° + 20° = 30° 


33 Methods of Finding Specific Heats — (i) The 
Method of Mixtures — The specific heat of a substance may 
be found by heating it to a known temperature and dropping it 
into a weighed quantity of water contained m a suitable \essel 
(called a calonmeter) The temperature of the water is observed 
by means of a thermometer before and after dropping m the hot 
substance, and from the nse of temperature w-e can calculate 
the amount of heat gained by the water This must be exactly 
equal to the amount of heat given out by the hot body, pro- 
vided that care is taken to prevent loss or gain of heat from 
surrounding bodies during the experiment Having thus found 
how much heat the substance gives out in cooling through a 
known interval of temperature, we can easily calculate its 
specific heat This method is descnbed more fully below 
(ExpL 19) 

(2) The Method of Cooling — The specific heat of a 
substance can also be found by heating it and allowing it to 
cool , the rate at which it cools is observed and compared 
wnth the rate at which water cools under similar conditions 
For example, put equal wreights of water and turpentine, both 
at 50°, into two similar glass beakers or thin metal vessels 
(suspended by strings so as not to be influenced by surrounding 
bodies), and put a thermometer in each Note the time taken 
by each to cool from 50° to 20° , you wall find that the x\ater 
takes more than twice as long as the turpentine. Since the 
turpentine cools under just the same conditions as the water, 
the difference must be due to its lower speafic heat, which is 
less than half that of water 

(3) The Method by Fusion of Ice — The amount of heat 
gi\ en out by a hot body in cooling to 0° can also be measured 
by finding how much ice it is able to melt This method of 
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determining specific heats wH be dcscnbed in the ne\t 
chapter 


a 


E\PT 19 — To find the specific heat of lead shot by the 
method of mixlnrts Apparatus required — A steam-heater 

this can be made by fitting 
a w ide test tube loosely into 
the neck of a corked flask , 
a bent tube should also be 
fitted into the cork so as 
to allow the steam to escape 
(Fig 22) A thermometer 
A beaker holding about 200 
ca to sene as a calon 
meter a cylindncal ^cssel 
made of thin sheet-brass 
does better as a calorimeter 
because it absorbs less 
heat , a small tin pot, such 
as can be obtained at a 
grocer's or chemist’s shop 
does fairlj well 

Weigh into the calon- 
meter 100 grammes of 
water (or as much as will 
half fill It), and place the 
calorimeter on a flat cork 
or wrap it round wath wool or flannel (to prevent loss of 
heat by conduction) Put 200 grammes of lead shot into the 
test tube and close the mouth of the tube w ith a plug of 
cotton-wool to keep out cold air Boil the water in the flask, 
and keep it boiling for quarter of an hour so that the lead 
may get heated to the temperature of the steam When all 
IS ready, obsen e carefully by means of the thermometer the 
temperature of the water in the calonmeter , suppose this to 
be 9° 6 Now remoie the cotton-wool, lift the test-tube out 
and quickly pour the shot into the calonmeter Stir the water 
gently by moving the bulb of the thermometer, and note the 
highest temperature which it reaches Suppose this to be 
14° 9 , we can now- calculate the specific heat of the lead shot. 
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Observe that mercury has a ver> low specific heat This 
IS another reason in favour of its use in thermometers When 
vve wish to find the temperature of a hot liquid and dip a 
thermometer into it, the bulb and its contents absorb some 
heat, and so the liquid is slightly cooled but the amount of 
heat so absorbed by a mercunal thermometer is much less 
than it would be, for example, if the bulb were filled with 
water 

Water has a higher speafic heat than any other liquid or 
solid For this and other reasons the sea is not warmed to 
nearly the same extent as land by the sun’s rays , nor does it 
cool so rapidly when they are absent As the air above it 
partakes of its temperature, it follows that islands and places 
on or near the sea-coast enjoy a more equable climate than 
inland places The differences between summer and wanter 
temperatures m our island are only about half as great as the 
corresponding differences in regions of central Russia which 
are in the same latitude 

On account of its high specific heat, water not only cools 
slowly but gives out a large amount of heat in the process 
Among familiar applications of this we may mention hot water 
bottles, the foot warmers used in railvvaj carnages, and the 
systems of heating by hot-water pipes commonl) used in green- 
houses and public buildings 


Examples on Chapter VI 

Read Arts 37 39 again before you allempl to v/ork these out Tlie 
specific heats required maj be taken from the table in Art, 40 You wall 
generally find that the best and simplest method of solving a specific heat 
problem is the method we adopted m working out the results of Lxpt 19 
Find the amounts of heat given out by the hot substance and taken in b) 
the cold substance if no heat is lost or gamed in the axpenment, these 
must be equal and can be equated 

Where masses arc expressed in pounds (as in Eis 5 and 6) use as 
^ our unit of heat the amount of heat required to raise the temperature of 
1 lb of water through one degrea This unit is called the ‘ pound-degree ’ 
and IS still in common use in English speaking countries 

1 A certain vessel holds 800 c. c. of water at its temperature of maximum 
density (4°) How much heat must be imparted to the water before it 
begins to boil ? 
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2 How many units of heat are required to raise the temperature of 
150 gm of copper from 10° to 150°? 

3 What IS the thermal capacitj of a leaden bullet \ieighing 100 gm ? 
What special name is giien to the thermal capaciu of unit mass of a 
substance? 

4 Find the specific heat of a substance 125 gm of which at 78°, when 
immersed m 250 gm of water at 12", gave a resulting temperature of 18° 

5 Two pounds of boiling water are poured upon 10 lbs of mercury at 
16° what will be the common temperature after mixing? 

6 What js meant bv saying that the ' specific heat of water is thirty 
umes as great as that of mercury? If a pound of boiling water be mixed 
with 3 lbs of ice-cold mercury what wall be the temperature of the 
mutture ? 

7 If a kilogramme of mercuiy at 120° is poured into a vessel contain- 
ing 200 gm of ice cold water what will be the temperature after the 
whole IS mixed? How would the weight and matenal of the vessel aflfect 
the result? 

8 How IS the chmate of the British Isles affected by the high capacity 
for heat of water ? 

9 30 grammes of iron nails at 100° are dropped into 60 gm of water 
at 13° 2, and the final temperature is found to be 17° 8 what is the 
specific heat of the nails ? 

10 What IS meant bj the statement that the specific heat of platinum 
is o 03 ? 

1 n order to ascertain the temperature of a furnace, a platinum ball 
weighing 80 grammes is introduced into it when this has attained 
the temperature of the furnace it is quickly transferred to a vessel 
containing 400 grammes of water at 15° The tempicrature of 
the water rises to 20° what was the temperature of the furnace? 

11 Compare the amount of heat required to raise the temperature of a 
kilogramme of mercury through 90° with that required to heat 300 grammes 
of water through 10° 

12 105 grammes of copper arc heated to 98° 5 and mixed with 90 
grammes of water at 10° 3 The tempierature after mixing is found to be 
iQ° 2 what IS the specific heat of the copper? 

13. Determine from the following data the specific heat of the metal 
employed 500 grammes of a metal are heated to 99° 5 C and placed in 
450 grammes of water at 15'’ , the temperature rises to 23° 5 

14. 125 grammes of a substance X, which has been heated to 140° C , are 
dropped into 193 grammes of water contained in an iron calorimeter 
which weighs 63 grammes The terapierature of the water nses from is” 
to 20° C If the specific heat of iron is J-, what is the specific heat of X? 
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4L Fusion. — We ha\ e seen that the application of heat to a 
solid causes a nse of temperature and an increase in size in 
most cases, -nhen the temperature is raised suffiaently, the 
solid IS converted into a liquid This change of state is called 
melting or fusion Thus ice melts at o° to form water 
sulphur melts to a yellow liquid when heated somewhat above 
the boiling-point of -water Crj'stals of iodine placed in a 
flask and gently heated o\er a flame melt to an almost 
black liquid , this on further heating undergoes a further 
change of state and boils, filling the flask wth a splendid 
purple vapour 

There are some substances, such as carbon and lime, which 
have not yet been fused because we are not able to heat them 
to a sufficiently high temperature Others, such as iron, glass, 
sealing-wax, and pitch, before they become liquid pass through 
an intermediate stage in which they are plastic and can be 
easily moulded into any shape It is in this intermediate stage 
that the glass-blower works glass before the blonqiipe and the 
smith w'orks and W'elds wrought iron 

42 Melting-Poi-a-ta — But, in general, the change from the 
solid to the liquid state is w-eU marked and occurs at a deflnite 
temperature. This is called the tempera-bure of fusion 
or the melting-point of the substance The reverse change — 
solidification — takes place at the same temperature, provided 
the liquid is stirred or shaken as it is cooled , and thus wa 
speak of o° C either as the melting-point of ice or the freezing- 
point of water As this is taken as one of the standard points 
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m measunng temperature, you should convince yourself by 
some such expenments as the following that it is really a fixed 
point 

Expt 20 — Pound some clean ice and put it in a funnel pour on it 
some water to wash it, and then immerse a thermometer m it as in Art 7 
Read off the height of the mercurj 

Put the ice into a beaker and piour watgr on it Stir both well round 
wth the thermometer obsene that it indicates the same temperature as 
when put into melting ice and that this temperature does not depend upon 
the proportion of ice and water m the mixture. 

Repeat the expenment wth hot water This melts some of the ice, but 
IS itsdf cooled thereby Warm the mixture wath a lamp Remo\e the 
lamp and stir the ice and w ater well up As long as any ice is left the 
temperature does not nse above 0° 

21 — Add a little common salt to the ice and water in the pre- 
ceding expienment The thermometer will fall below 0° The salt lowers 
the melting-point (see Art. 45) Clean ice should therefore be used in 
marking the lower fired point of a thermometer 

Expt 22 — To find the melting-point of beeswax Draw out a piece 
of glass tubing (or a test-tube) before the blowpipe into a fine tube Cut off 
a piece about 2 inches long and seal up one end in the flame. Introduce a 
few small pieces of the wax Tie the tube on to a thermometer, so that the 
wax 13 near the bulb, and dip it into a beaker of water Heat gradually, 
stimng the water, and observe the temperature at which the first drop runs 
down the tube This is the melbng-point. 


Table of Melting-Points 


Mercury 

- 38 '’S 

Bismuth 

265° 

Ice 

0° 

Cadmium 

320° 

Beeswax 

65° 

Lead 

330° 

Sulphur 

115° 

Cast-iron 

1200° 

Tin 

230” 



Mixtures 

and alloys generallj melt at lower temperatures tlian their 


constituents Thus an aUoj of bismuth lead tin, and cadmium, known as 
Roses fusible metal, melts at about 70° The melting-points of its con- 
stituents are all above 200° but a slip of the alloy placed m boiling water 
fuses readil} 

43 Heat Absorbed in Melting' — When heat is applied 
to a mixture of ice and w'ater the ice gradually melts, but the 
temperature remains at 0 ° provided the mixture is constantly 
stirred As the heat does not pioduce any rise of temperature 
It must be spent m converting the ice into w'ater The heat 
thus spent m producing change of state wuthout change of 
temperature is called the latent heat of fusion, and may be 
defined as follows — 
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Tlie latent heat of fusion of tee {or the latent heat of ivaier) 
ts the amount of heat required to convert unit mass {one gramme) 
of tee at o° into water at the same temferature 

The latent heat of water is 8o by sajnng this we mean 
that 8o units of heat are required to melt i gramme of ice at 
o° without raising its temperature. 

Think over this m connection vwth frosts and thaws Trj' 
to realise that before a single pound of ice can be melted, as 
much heat must be imparted to it as would raise 8o lbs of 
water through i°, or i lb of water from o° to 8o° , and that 
before a single pound of ice can be frozen, the same amount of 
heat must be taken away from iL This wall help you to under- 
stand how roads remain covered with half-frozen slush long 
after a thaw has set in , and how it takes several frosty nights 
to freeze over a pond or lake (see also Art 25) 

Expt 23 — To fttd the latent heat of water This can be 
found by putting a known quantity of ice into warm w'ater and 
obsenung how much heat is taken from the water to melt the 
ice. 

Weigh out 150 grammes of water at about 40° into a beaker 
or calormteter (such as was used m Expt 19) Note the 
total weight of calorimeter and water Weigh out (roughly) 
about 60 grammes of pounded ice. Dry it quickly, first with a 
towel and then with blotting-paper After taking the tempera- 
ture of the water, pour in the ice stir it round with the 
thermometer (or a wire stirrer) and observ’e the lowest tempera- 
ture reached when all the ice is melted Now weigh the 
calonmeter and its contents again , the increase of weight tells 
us how much ice has been put in We shall suppose tha^ this 
IS 50 grammes, and that the final temperature of the water 
is 10° 

Now let A be the latent heat of fusion that we wash to find , 
i e the number of heat-units required to melt i gramme of 
ice Clearly are required to melt 50 grammes Further, 
the 50 grammes of ice cold water thus produced have been 
warmed up from 0° to 10° this requires a further supply of 
50 X 10= 500 units 

The whole of the heat thus absorbed has been supplied by 
/ 50 grammes of water m cooling from 40° to 10°, in which 
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process we know that 150x30 = 4500 heat-umts are given out 
Thus 50 500 = 4500, 

5o;r=4ooo and x=So 

Thus the latent heat as determined by our expenment is 80 

44. Ice-Galorimeters — -You will noiv be able to under- 
stand how It is possible to determine the specific heat of a sub- 
stance by finding out how much ice it can melt in cooling dovui 
(say) from 100° to the temperature of melting ice (0°) For 
when we know this we know how much heat the substance has 
given out — every gramme of ice melted corresponding to 80 
units of heat evolved 

Black (who discovered the law above referred to) used an 



Fig 23 


Fig 24. 

Ice Cat-orimeters 

ice-calonmeter of the very simple form shown m Fig 23 The 
hot body was dropped into a hole scooped out of a block of ice, 
which was immediately covered with another slab of ice 
Lavoisier and Laplace improved the ice-calonmeter and gave it 
the form shown in Fig 24 The hot body is dropped into the 
inner vessel, which is made of perforated metal the heat 
which It gives out in cooling melts some of the ice m the 
middle vessel, and the water thus produced is run off by the 
stopcock at the bottom and measured The outer vessel, also 
filled with ice, simply serves as a screen to protect the middle 
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vessel from the surrounding atmosphere, vhich vould othenuse 
gradually melt the ice m it The vay m vhich the results are 
worked out will be understood from the following example 

A copper ball weighing 600 grammes was heated to 100° and introduced 
into an ice-calonmeter The water produced was found to weigh 72 
grammes. Find the specific heat of copper 

Let s be the required speafic heat. Bv equation (2) Art 37, the 
amount of heat gwen out by the copper in cooling from 100° to 
0° is ms 8 — 600 X r X 100 This was entirely spent m melting 72 

grammes of ice for which purpose we know that 72x80 = 5760 
heat-units are required These two quantities are therefore equal 
t e 

60,000 s= $760 

and s=: ~^=:o 006 

6000 

45 Freezing Mixtures — Expt 24 Dissolve a spoon- 
ful of common salt or of sodium sulphate m a cupful of water, 
stimng It up with a thermometer Obsene that the water 
becomes colder as the salt dissohes This is generally the 
case solution, like liquefaction, requires a supply of heat, and 
if the heat required is not supplied from the outside, it is taken 
from the matenals themselves, which are thereby cooled 
Ammonium nitrate shows this cooling effect better than either 
of the substances named 

Freezing mixtures, such as are used for the artificial pro- 
duction of ice, depend upon this principle If ammonium 
nitrate at 0° is mixed with an equal weight of water at the 
same temperature, the solution wall be found to assume the low 
temperature of — 15° Another common freezing mixture (used 
by confectioners m making ‘ices’) consists of equal weights of 
common salt and pounded ice or snow In cases like this, 
where both matenals are solid, there is a double absorption of 
heat, for (i) heat is absorbed m melting the ice, and (2) a 
further supply of heat is required to make the salt dissolve. 

E\PT 25 — Fill a metal vessel (tin pot or saucepan, or 
brass calorimeter) with either of the above-mentioned freezing 
mixtures and place it on a flat saucer, into w'hich a hU/c w ater 
has been poured Stir the mixture wath a stick. In a few 
minutes the water wall have frozen, and you will be able to lift 
up the pot with the saucer frozen to it 
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Pour a little water into a test-tube and plunge it into the 
muLture, stimng it about from time to time In about half 
an hour the water wall be converted into a cylinder of ice 
Notice that the outside of the vessel soon gets covered with 
dew and later on with ice (hoar-frost) 

The common practice of sprinkling salt over pavements to 
clear off snow is m many ways bad It converts the snow 
into a slushy freezing mixture and even if this is swept and 
washed off, it leaves the pavement so cold that the w'ater freezes 
on It into a smooth and slippery sheet of ice 

46 Expansion of Water on Freezing — Most sub- 
stances contract on sohdifymg, but w’ater is a remarkable 
exception to this rule. It expands on freezing, lo c.c. of water 
forming 1 1 cc of ice Consequently ice is lighter than water 
and floats upon its surface 

Expt 26 — Fit a small flask with a cork and glass tube as 
in Fig 25 Put into the flask a handful of pounded ice and 
fill It Avith coloured water Fit the cork and 
tube into the neck, pushing the cork dowm until 
the water nses to the level of the mark oji the 
card Put the flask in a basin of luke-w’arm 
water Observe the contraction that takes place 
as the ice melts 

Expt 27 — Blow a small bulb at one end of 
a glass tube and draw the other end out to a 
fine point Fill the tube wnth water and seal off 
the point in a bloivpipe-flame Place the bulb 
m a freezing mixture and cover it with a cloth. 

The bulb will soon burst, owing to the expansion 
of the water m freezing 

Water expands m freezing wnth almost irre- 
sistible force- Not only thick glass bottles, such 
as soda-water bottles, but even cast-iron shells 
half an inch thick are easily burst by filling them 
with water and exposing them to the frost. Thus =5 Uho], 
w'ater-pipes often burst during frosty w'eather, as householders 
find out to their disgust when the thaw sets in and their houses 
are flooded with water It is usual lo cover water-pipes and 
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hydrants \v\th straw and other non conducting substances to 
protect them from the action of frost , and, as running water 
does not readily freeze, taps are often kept open (m spite of 
municipal regulations !) as long as the frost lasts 


Examples ov Chapter VII 

Read Arts 43 44 again also the note at end of Chap VI When- 
ever weights are expressed In pounds (instead of grammes) use as your 
unit of heat the pound-degree or amount of heat requirrf to raise the 
temperature of i lb of water through 1“ 

The latent heat of water may be taken as 80 

1 What tvill be the result of mixing 10 lbs of snow at 0° mth 4 lbs of 
water at 60° ? 

First find whether all or only part of the snow tnll be melted The 
amount of heat requir^ to melt 10 lbs of snow would be 
10 X 80 = 800 piound degree units of heau The temperature of 
the mixture cannot fall below 0° and 4 lbs of water in cooling 
from 60° to 0° only give out 4 x 60=240 pound degrees, or enough 

to melt ^=3 lbs of snow Thus the result will be a mixture of 

qO 

7 lbs. of snow and 7 lbs of water, all at 0° 

2 How much ice at o’ will be melted b) 1000 gm of boiling water? 

3 When equal weights of boiling water and melting ice are mixed, the 
ice all melts and the resulting temperature is 10° find from this the latent 
heat of fusion 

4 How much hot water at 75° wall just melt 30 lbs of ice? 

5 300 grammes of melting ice arc mixed with 700 grammes of boiling 
water, and the resulung temperature is 46° what is the latent heat of 
fusion? 

6 A brass cylinder weighing 80 gm was heated to 100° and dropped 
into an ice-calonmeter The amount of icc melted was g gm find the 
specific heat of the brass 

7 Two copper balls of the same weight and raised to the same tem- 
perature are laid the one on a cake of slowly melting ice and the other on 
a cake of wax. The latter sinks in the more deeply VTiat inference 
would you draw from this ? 

8 Explain the statement that the latent heat of water is 80 To a 
pound of ice at 0° are communicated too units of heat (pound-degrees 
Centigrade) What change of temperature does the ice undergo, and m 
what wa) is its volume altered ? 

9 143 grammes of water were obtained when a kilogramme of iron at 
100° was mtroduced mto an ice-calorimctcr what was the specific heat of 
the iron ? 

10 A quantity of ice is throwoi into a basin containing 4 lbs of ivater 
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at 30°, and after all the ice has melted the temperature is found to have 
fallen to 8° how much ice was throw n in ? 

11 What js meant by a unti 0/ Aea/ f Taking the specific heat of lead 
as o 031, and its latent heat as 5 07, find the amount of heat necessary to 
raise 15 lbs of lead from a temperature of 115“ C to its melting point 
325° C , and to melt iL 

12 How many grammes of ice must be dissohed in a litre of water at 
20° in order to reduce its temperature to 5“? 

13 If dry ice, at its melting point, be thrown into 20 lbs of water at 
60" C until the whole weighs 23 lbs , what fall of temperature wdll have 
been thereby produced? 

14 You are given a piece of wai., the cvact composition of which you 
do not know Describe evactly the method of determining its melting 
point, which IS proved by a preliminary expcnment to be below 100° C 

15 Describe an experiment to measure the contraction which takes 
place in ice on melting A mass of ice is heated from — 10“ C until it all 
becomes steam Show on a diagram the changes which take place in its 
volume. 

16 If 10 grammes of ice at the fiaeang pioint be put into 100 grammes 
of water at 18” C , what will be the terapierature when all the ice has 
melted ? 



CHAPTER VIII 


CHANGE OF STATE— VAPORISATION AND 
CONDENSATION 

47 Evaporation and Bolling — There are two ways in 
which a liquid may be changed into a vapour The first of these 
IS the slow process which is called evaporation. You have 
doubtless noticed that, if water is left cvposed in a shallow dish 
or saucer, it gradually dries up or evaporates This evaporation 
of water goes on at all ordinary temperatures, but most rapidl) 
in warm dry weather Alcohol (methylated spirit) evaporates 
more rapidly than water , and ether evaporates so quickly that, 
if you pour a few drops on the palm of ) our hand, the ether 
will disappear in a few seconds, and produce an intense sensa- 
tion of cold 

The second process is the familiar one of boiling You 
should begin >our study of this by boiling some water in a 
glass flask. When the cold water is heated, the first thing jou 
notice IS the expulsion of the air which it ahvays contains in 
solution This makes its appearance in the form of minute 
bubbles, which gradually nsc through the water and are 
expelled Larger bubbles, of steam or water-x apour, soon 
make their appearance, but as they rise into the upper and 
cooler water, they condense and collapse xvith a peculiar 
rattling noise. This is xvhat causes the ‘singing’ of a kettle 
— always a sign that boiling is not far off Finally bubbles of 
steam begin to nse rapidly and freely from all parts of the 
xvater, and the actual boiling sets in as soon as the w’hole of 
the liquid has been heated to a certain temperature, called its 
boiling-point Observe that the steam itself is, like air. 
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imisible , the cloud that forms abo\ e the mouth of the flask 
consists of condensed water-particles, not w ater-vapour 

The distinction betvieen the tv\o processes (evaporation and 
boiling) IS this Eiaporation goes on at all temperatures, but 
only from the surface of the liquid. Boiling consists m the 
rapid production of bubbles of vapour ilirotighout the mass of 
the liquid, and onl> takes place at a definite temferatui e (the 
boihng-point of the liquid) 

Enpt 28 — To find the boihng-point of a liquid All that 
IS needed for a rough detenmnation is a small long-necked 
flask or test-tube (Fig 26 ), fitted with 
a Rouble-bored cork, in winch are in- 
serted the thermometer and a bent tube 
for the escape of the vapour The 
thermometer should be pushed down 
until the bulb nearly touches the hquid, 
but It should not dip into iL Alcohol 
or meth>lated spmt will do well for the 
espenment If you wash to recover the 
liquid, you can do so by connecting the 
bent tube to a condenser (see Art 52 ) 

If the liquid boils b) fits and starts, or 
‘ bumps,’ you should put into the test- 
tube a few’ bits of crumpled tin-foil or 
platmum-foiL This will make the boil- 
ing more regular 

48 Vapour - Pressure — AATien 
water is introduced into a closed space contaming air (eg 3. 
corked flask}, it goes on eiaporating slowly until the air con- 
tains as much water-vapour as it can hold in suspension , the 
evaporation then stops, and the air is said to be saturated with 
svaier-vapoui 

If the vrater is mtroduced into a v'acuous space (eg a flask 
out of which all the air has been pumped), the ev’aporation 
goes on more rapidly, practically it is instantaneous You 
already Imow that the v’apour of boihng w ater (steam) everts a 
pressure it is by this pressure of steam that all steam-engines 
work. You have now to learn that even at ordinary 
temperatures vvater-vapour exerts a small but measurable 
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pressure This pressure can be obsen cd and measured b\ 
introducing water into a rorriccllnn \ icuum (Art 28) 

EXPT 29 — Fill 1 barometer tube with nicrcur> and in\crt 
It as in L\pt 15 Make a bent pipette, fill it with the 
liquid to be introduced, and push 
the curved point of it under the 
mercur) and into the tube (F ig 
27) Ether is the best liquid tostart 
w ith blow cautwus!y into the upper 
end of the pipette, so as to make the 
ether ascend d>cp bvdtop, and w atch 
the cflcct The first drop will e\ap 
orate almost before it reaches the 
wacuuin, and the column of mtrcuia 



tic -7 

will fall thiougli a few centimetres 
This fall IS due to the pressure ex- 
erted b) the ethcr-v-apour, for there 
IS nothing else above the mercurj 
column to exert any pressure As 
the ether ascends drop by drop, 
the mercur) falls lower and lower 
until a point is leachcd, after which 
the introduction of more ether does 
not cause any further depression 
the evaporation stops, and a laver 
of liquid ether is seen resting on 
the mercur) Before this, the space 
above the mercur) was only partiall) satur tied with ether 
v'apour, or contained intsaturaitd vapour , it is now saftn afed, 
and the vapour exerts its iranmum pussu/e, 1 e the greatest 
pressure tliat it can exert at the temperature of the room 
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Now warm the tube cautiously by passing the flame of a 
spint-lamp along it the mercury falls lower and lower, showing 
that the maximum vapour-pressure tncreases with the tempera- 
ture 

Perform the same expenments inth alcohol and water, 
cleaning the tube and pipette each time, or using fresh ones 
You will find that alcohol gives a much smaller depression, and 
V ater a smaller one stilL Thus the vapour-pressure of a liquid 
depends upon the naime of that liquid 

In Fig 28 are shown four tubes dipping into a mercury 
trou^, the first tube being a reference-tube containing mercury 
only (a barometer, in fact), and the others containing -water, 
alcohol, and ether respectively above the mercury The 
maximum vapour-pressure in each case is measured by the 
depression produced, and is expressed as being equal to so 
many ‘centimetres of mercury’ At 15° it is 13 cm for 
water, 3 3 cm. for alcohol, and 5 5 4 cm for ether 

49 Saturated and Unsaturated Vapours — ^We may here point 
out the chief distincUons between the two slates m which the lapour of a 
liquid may exist 

When a vapour cannot e-ast without change in the presence of its own 
liquid, It IS called an unsa-turated vapour Such a vapour behaves 
much like a gas, and if its volume be diminished, its pressure increases 
according to Boyles law (Art. 29) 

On the other hand, a vapour which can exist without change in presence 
of Its own liquid is called a saturated vapour The pressure exerted 
by the vapour in this state is called the maximum vapour-pressure of the 
hquid, and is the greatest pressure which can be exerted by the vapiour of 
the hquid at that tempierature. It does not depend upon the volume 
occupied by the vapour Thus in Fig 28 it is not necessary that the 
tubes should be of the same length if they were of different lengths, the 
depressions w ould be exactly the same. If the trough were deeper, so that 
any tube could be depressed m it or raised up at will the level of the 
mercury inside the tube would remain unaltered. 

Or, again, suppose a quantity of water and water-vapour (steam) to be 
contained m a cylinder closed by a movable piston. Suppose further that 
the temperature of thewhole is kept constant, and that no air is enclosed 
(the space between the water and the piston being fiUed with saturated 
water vajiour) If now the piston be pushed down, the pressure will not 
mcrease (as it would in the case of a gas) but some of the vajjour wall 
condense to vater the pressure remaining constant. If the volume be 
increased by pulling out the piston, more of the water wall evaporate to 
fill up the space, and the pressure will still remain unchanged A 
saturated vapour, then, does not obey Boyle’s law 
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We may sum up briefly by sajung that a saturated rapour is a rapour 
which IS in contact with an excess of its oitm liquid Its pressure depends 
only upon (i) the nature of the liquid, and (3) the temperature 

In what follows, unless the contrary is stated the word vapour-pressure 
will be used as meaning maximum vapour-pressure or pressure of saturated 
vapoiu 


50 Vapour-Pressure and Temperature — We have 
seen (Expt 29) that vapour-pressure increases with tempera- 
ture. We shall now show that at the boiling-point of a liquid 
its vapour -pressure becomes equal io the pressure of the 
atmosphere 


Expt 30 — Fill and invert a barometer-tube as m the last 
expenment, and pass up about i c.c. of water into iL Surround 
it with a ‘steam-jacket,’ te a ivider tube through which a 
rapid current of steam is passed (Fig 29) The mercurj 
column will gradually fall as the tube -warms up, until finally, 
after the steam has passed freely for a few minutes, it will ha\ e 
fallen just to the level of the mercury in the trough outside 
Clearly when this is the case the pressure inside and outside 
are equal But the pressure inside is simply due to the vapour 
of water at its boihng-pony , and the pressure outside is that of 
the atmosphere \ 


This result enables us toi. define the boiling-pomt of a liquid 
as follows The boih/tg-potn^ of a liquid is that temperature at 
'which its vapour-pressure as equal to the pressure of the 
atmosphere 1 

The maximum pressure of Weftter-vapour at various tempera- 
tures is given in the following^ table, the pressure being 
expressed in centimetres of mercurw 

Teiiperature. 

0° 

10° 

20 ° 

30° 

40° 

50 ° 


Pressure. 

Temperature 

Pressure. 

0 46 cm 

6o\ 

14 9 cm. 

0 91 , 

70° 

=3 3 .. 

1 74 .. 

80° ' 

35 5 

3 15 „ 

90° 

5 = 5 >• 

S 49 

9 20 ,, 

100° 

76 0 H 
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In Fig 29 the 
outer tube is corked 
at top and bottom 
Through the upper 
cork steam is led 
by the tube a from 
a flask or boiler 
to the steam-jacket 
(An oil-can makes 
a capital boiler 
for such purposes ) 
The steam escapes 
by the pipe b which 
passes through the 
lower cork and dips 
under the mercury 
The inner glass tube 
should be steadied 
by a loosely-fitting 
cork at c 


Fig 39. 

61 Influence of Pressure on Boilmg-pomt — If the 
boilmg-pomt of water be de 1 ,enniTied uath a delicate thermo- 
meter from time to time, it is found to vary slightly as the 
atmosphenc pressure vanes The experiment in the preceding 
article gives us the key to the connection between pressure and 
boilmg-poinL Before a liquid can boil it must be heated io 
sjtch a teinperature that tJie pressttte of its vapour is equal to 
the atmosphenc pi essure Thus water boils at 100° when the 
atmosphenc pressure is equal to that of a column of mercury' 
76 cm high If the pressure increases to 77 cm , the 
water must be heated to a higher temperature before its 
pressure becomes equal to that of the atmosphere, and so the 
boilmg-point is raised to 100° 34 If the atmosphenc pressure 
is below the normal pressure, the boiling-point is lo^^ered 
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thus water boils at 99° 64 under a pressure of 75 cm You 
will now understand uhy it is necessary to read the barometer 
when marking or testing the boiling-point of a thermometer 

If jou gradually ascend from the sea-level up to, say, the 
top of a mountain, you leave more and more of the atmosphere 
below you, and consequently the pressure gradually becomes 
less If you took mth you a portable boiling-point ap- 
paratus, you Mould find the boiling-point become lower and 
lower Thus while ivater boils at 100° at the sea-level, its 
boiling point is 96° 3 at the top of Snowdon (3571 feet above 
sea level) and 85° at the top of Mont Blanc (15,781 ft) In 
Quito, which IS the highest aty in the world (9520 ft ), the 
mean height of the barometer is about 52 5 cm , so that the 
water boils at 90° The change of boiling-point in ascending 
a mountain is one of the ways (though not the best) by which 
Its height can be found 

The cooking and solvent pou’crs of ‘ boiling water ’ depend 
upon the temperature at which it boils hence it is scarcely 
possible to make good tea at the top of a high mountain By 
increasing the pressure we can make water boil at temperatures 
much higher than 100°, and so can increase its solvent power 
Thus ^datine is extracted from bones by boiling them with 
water under great pressure in a strong closed iron boiler called 
a ‘ digester ’ 

62 Oondensation and Distillation — \Vhen steam is 
cooled below the boiling-point it is converted into water or 
condenses If a vessel in which water is kept boiling is 
connected with another vessel which is always kept cool, the 
steam from the boiling water passes over into the colder vessel 
and there condenses This process is known as distillation, 
and IS used as a means of separating water and other liquids 
from impurities which they may contain in solution Thus pure 
water can be obtained from sea-water by distillation, the salt 
and other soluble matters remaining behind m the stilk Dis- 
tilled water is not very pleasant to dnnk it tastes ‘ flat,’ 
because it contains but little air m solution 

Tlie usual form of distillation apparatus used in laboratoncs 
is shown m Fig 30 The liquid to be distilled is placed in a 
glass retort, which is heated by a burner, the neck of the 
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retort fits into the condenser, which consists of a long glass 
tube surrounded by a under (but shorter) tube corked at both 
ends Between these two a current of cold uater is kept flowing, 



Fig 30. 


so as to cool and condense the vapour , from the condenser 
the distiUed liquid flows into a flask or other suitable receiver 

63 Boiling under Diminished Pressure ■ — Refemng to 
the table m Art 50, we see that the maximum vapour-pressure 
of water at 90° is 52 5 cm. This is equivalent to saying that 
under a pressure of 52 5 cm. water uould boil at 90° 
Suppose, then, that you had water at 90° m a flask, and that 
by any means you reduced the pressure below 525 cnj , the 
water would now be above its boiling-point, and it ought to 
boil without any application of heat , and this ought to occur 
at any temperature if you reduced the pressure in the flask 
below the maximum pressure of water-vapour at that tempera- 
ture. The folloivmg expenments show that this reasoning is 
correct 

ExFr 31 (Franklin’s Expenment) — Half fill a flask with 
water, and boil it over a naked flame so as to dnve out the air 
and fill the upper part of the flask with steam. While the 
water is boiling freely, remove the burner, and at the same 
instant close the neck of the flask tightly ivith a ivell-fitting 
cork or rubber stopper Turn the flask upside domi (Fig 31) 
and cool it cautiously by pounng cold water on the bottom of 
It The water inside begins to boil, and the more you cool it 
the longer the boiling continues 

The explanation is that by pounng on the cold water you 
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cool and condense the steam, and so loner the pressure. It is 
a case of boiling under diminished pressure. 

The fltisk used in this and the 
follonang experiments should be 
a round-bottomed flask or bolt- 
head , flat - bottomed flasks 
readily give \vaj under the pres 
sure There is no real danger in 
this for the flask does not burst 
outwards but simplj collapses , 
still It IS best to use a small one 
holding not more tlian half a pint 
(or 300 e e ) 

C'n’T 32 — Connect a flask 
containing hot water with an 
air pump using an intermediate 
flask or WoulfT s bottle to preient 
the steam from getting inside the 
air pump On working the pump 
the waiter wall be found to boil 
under the reduced pressure, get- 
ting colder as it boils 

A more conienient plan is to 
use a plain retort instead of a flask and a water pump instead of the 




Fig 31 


ordinarj form of air-pump The neck of the retort should be drawai out 
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so that It may be pushed into a thick rubber tube to connect it to the 
water-pump 

Expt 33 — In F;g 32 is shown an arrangement by which water can 
be made to boil continuously under dimimshed pressure in a flask 
connected with a ‘ reversed condenser (a^) The folloiving are the results 
of an evpenment made with this apparatus — 

Temperature at which the water boiled 80° 

Height to which the mercury was sucked up in the tube e 41 cm 
Height of barometer at the time 76 5 > / 

The pressure inside the apparatus was therefore 41 cm less than that 
outside or was equal to 765 — 41 = 355 cm Thus water boils at 80° 
under a pressure of 35 5 cm We may also express the result by saying 
that the maximum pressure of water-vapour at 80° is 35 5 cm By 
pumping out more air or by letting a little enter, the pressure can Be 
alter^ and the boiling-points at different pressures found It is in this 
way that the vapour-pressure of water at temperatures above 50° has been 
measured 

64 . Heat absorbed in Vaporisation — When you boil 
water its temperature does not nse after it has reached the 
boilmg-point, although it is continually heated. What becomes 
of the heat supplied to the water ? It is simply spent in 
converting the water into steam at the same temperature. 

On the other hand, when steam condenses to water, heat is 
given out Thus if you hold a cold spoon in a jet of steam 
issuing from the spout of a kettle, the spoon will rapidly get 
warm as the steam condenses upon it 

Evaporation at ordinary temperatures, too, is always ac- 
companied by absorption of heat Illustrations of this cooling 
effect of evaporation are given in Art 57 

66 Latent Heat of Steam. — It is found that a definite 
quantity of heat is required to convert a given quantity (say a 
gramme or a pound) of water at 100° into steam at 100° 
this is called the latent beat of vaporisation, and may be 
defined as follows — 

The latent heat of vaporisation of water {or the latent heat of 
steam) is the amount of heat lequtred to convert unit mass {one 
gramme) of water at 1 00° into steam at the same temperature^ 

The latent heat of steam is 536 By saying this we mean 
that 536 units of heat are required to convert a gramme of 
water at 1 00° into steam w ithout raising its temperature 

The same amount of heat is given out by a gramme of 

F 
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steam in condensing to water at ioo° By observing how much 
heat IS evolved by a known weight of steam in condensing, 
e can find by experiment the value of the latent heat of steam. 

EXPT 34. To find the latent heat of steam — The method 
consists in boiling water in a flask and conveying the steam by 
a bent glass tube into a weighed quantity of water contained 
in a beaker or calonmcter (such as was used in Expts 19 



Fig 33. Heat Eiouxd in Condensation 


and 23) The increase in weight of the waiter tells us how 
much steam has been condensed, and the nse in temperature 
tells us how much heat has been giten out in the process 
Owing to the cooling action of the air, some of the steam 
always condenses on its way through the bent tube , the object 
of the ‘trap’ shown in Tig 33 is to catch this condensed 
water and prevent it from getting into the calonmeter The 
trap consists of a wader corked glass tube, through which the 
steam has to circulate before passing down through the nozzle 
into the calonmeter, any condensed water remains at the 


55 


VAPORISATION AND CONDENSATION 


67 


bottom of this wder tube. A vertical screen SS' (of double 
tin-plate or cardboard) should be introduced betiveen the flask 
and the calorimeter. 

Begin by setting the water m the flask to boil , neigh the 
empty calonmeter , pour into it 1 00-150 gm. of cold nater 
and again neigh carefully ‘When the steam is issuing freely 
from the nozzle take the temperature of the nater m the 
calorimeter Place the calonmeter in the position shown in 
Fig 33, supporting it upon a nood block, so that the nozzle 
dips nell under the nater The steam condenses mth a loud 
rattling noise and the temperature of the nater begins to nse. 
Let this go on until the temperature has nsen about 20°,, 
stiinng the nater throughout the evpenment mth the ther- 
mometer or a mre stirrer \^^len you want to finish the 
expenment, take away the block, lower the calonmeter, and 
remove it from the escaping steam Do this smartly, and note 
the highest temperature attained by the water before it begins 
to cook Now neigh the calonmeter and nater again , the 
difference between this and the previous neighing tells you the 
weight of steam condensed. The foUomng are the results of 
such an e-xpenment — 

Weight of nater m calonmeter 120 gm 

„ steam condensed 5 „ 

Temperature of nater before passing m steam 10° 

jj 5> after „ ,, 33 

Non let X be the latent heat of steam then 5 a mil be 
the number of heat-units given out by 5 gm, of steam m 
condensing to n-ater at 100° The 5 gm. of hot water thus 

produced mil, in cooling from 100° to 35°, gixe out a further 

supply of heat amounting to 5x65 = 325 units 

The effect of this has been to raise 1 20 gm of nnter from 
10° to 35°, for which 120 x 25 = 3000 heat-units are required 
This gives us the equation 

Heat ev'olved = Heat absorbed 

- " ^ ^ in warming cold water 

m condensing -p m cooling 

5a -f 325 = 3000 

Thus 5 a‘= 3 ooo — 325 =2675 

and ^=535 
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According to our expenment, then, i gm of steam gives 
out 535 heat-units m condensing 

66 Laws of Ebullition. — We may here sum up the 
pnncipal facts concerning the ebullition or boiling of liquids 

I When a liquid is heated it begins to boil at a certain 
temperature (called its boiling point), and further heating does 
not raise the temperature of the liquid, but simply converts it 
into vapour 

II This temperature is constant for a given liquid as long 
as the pressure is constant 

III When the pressure increases the boiling point nses, 
and when the pressure decreases the boiling-point becomes 
lower 

IV A definite amount of heat (called the latent heat of 
vaponsation) is absorbed in converting unit mass of a liquid at 
the boiling-point into vapour at the same temperature 

67 Freezing' by Evaporation — The followng ex- 
periments illustrate the cooling effect produced by rapid 
evaporation. 

Expt 35 — Place a piece of filter-paper on top of the 
air-thermoscope (Fig 3, p 5) Pour some ether on this The 
ether rapidly evaporates, and as the heat required for its 
evaporation is taken from surrounding bodies, it cools the 
flask and the air inside. The cooling effect is shown by the 
contraction of the air and the rise of the liquid m the tube. 

Expt 36 — Place a -natch-glass on a 
thin piece of wood, with a few drops of 
water between them , pour ether into the 
watch glass, and blow air from a bellows 
over Its surface so as to make it evapo- 
rate rapidly By the time the ether has 
evaporated the water will have been con- 
verted into ice If you lift up the watch 
glass, you wll find that the wood sticks 
to It, the two being frozen together 

The w'atch-glass may with advantage 
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be replaced by a shallow capsule, such as may be made of 
sheet copper (Fjg 34) 

Expt 37 — Water may be made to evaporate so rapidly as 
to freeze by its own evaporation This is most simply done 
by means of AVollaston’s cryophorus (or ‘ ice-camer ’), a good 
form of which is shown in Fig 35 It consists of a glass tube 
wnth a bulb at each end One of these is half-filled with water , 
the rest of the space contains nothing but 
water-vapour, the air having been dnven out 
by boiling the ivater and sealing up the instru- 
ment while full of steam 

If the bulb A is surrounded by a freezing 
mixture (Art 45), the water-vapour m it con- 
denses , more vapour flows over from B to 
take Its place and is continuously condensed 
in A So much heat is taken from B by this 
process, that in about half an hour its con- 
tents ivill have frozen 

If the w'ater in the cryophorus more than 
half-fills the bulb B, some of it should be 
transferred to A othenvise the expansion 
in freezing may burst the glass The freezing 
mixture should be stirred from time to time 
The bulb B should be covered ivith flannel or 
ivith a woollen sock, and it is well to shake 
it slightly if the freezing does not start in due 
time 

The cryophorus may be regarded as a 
distillation-apparatus, of which the freezing 
mixture and bulb A form the condenser There is no outside 
source of heat the water-vapour in passing over transfers heat 
from B to A, thus cooling the water in B to the freezing- 
point, and then converting it into ice 

68 Applications and Illustrations — Machines for 
making ice artificially have been constructed on the pnnciples 
explained above In Carry’s machine a bottle of water is 
placed in connection wnth a powerful air-pump and a reservoir 
containing strong sulphuric acid After working the pump foi 
a few minutes, the water begins to boil, the vapour is rapidlj 
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nbsorbed by the acid, and the water soon freezes to a solid 
mass of ice. 

The refreshing effect produced by watering a dusty road on 
a hot day is not due to the laying of the dust alone the water 
by Its evaporation produces a pleasant coolness The simplest 
way of cooling a bottle of wine m hot dry neather is to nrap 
round it a wet towel , if it is then put to stand in a draught the 
rapid evaporation of the water wall cool it several degrees below 
the temperature of the air (see E\pt 35) 

Our own bodies are cooled by evaporation, W'hich when too 
rapid produces chills and colds, such as are often caught bj 
exposure to draughts or after taking a warm bath The air 
expired from our lungs is always charged with water-vapour, 
and from the surface of our bodies water is continually removed 
by perspiration and evaporation You have probably noticed 
that a dog when hot after running quickly hangs out his tongue, 
thus exposing a larger surface for evaporation and increasing 
the cooling effect 

The lowest temperatures hitherto attained have been 
produced by the rapid evaporation of liquids wath very low 
boiling-points (liquefied gases) 

Examples on Chapter VIII 

1 Explain exactly the nature of boiling Is it possible to make lukc 
warm water boil without heating it, and if so, how? 

2 How would you measure the maximum pressure of alcohol vapour at 
a temperature of 25° 7 

3 How would you distinguish between vaportsatton and ebullUtonf 
Does the boiling point of a liquid depend upon the pressure on its surface? 
Illustrate jour answer with an expenment 

4 How many heat units are required to contort 50 grarrtmes of water 
at 12° into steam at 100° ? 

5 A vessel containing 30 gm of ice is placed o\cr a spint-lamp how 
much heat will be required to melt it and \aporise the water completely ? 

6 The calonfic power of Welsh steam coal is 8240 How many 
pounds of water at ioo'> could be converted into steam by the combustion 
of I lb of this coal ? 

The most convenient heat unit to employ here is the ' pound-degree, 
or amount of heat required to raise 1 Ib of water through 
1° 536 of these units are required to convert i lb of water at 

100° into steam In the combustion of i lb of coal 8240 
units are evolved, or an amount sufficient to convert into steam 
= 154 lbs of water at 100° 
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7 I lb of a certain sample of coal is found to be sufficient to evaporate 
15 lbs of water at 100° how much heat does it give out in burning? 

8 How many pounds of steam at loo° \nll just melt 50 lbs of ice at 
o°? 

9 10 g^n of steam at loo® is condensed m a kilogramme (1000 gm ) 
of water at 0°, and the temperature of the water is thereby raised to 6 3° 
what value does this give for the latent heat of steam ? 

10 How many grammes of steam at ioo° must be passed into 200 gm 
of ice-cold water m order to raise it to the boiling-pioint ? VTiat will 
happen if more steam than this is passed in ? 

1 1 Descnbe an evpenment showing that water can be frozen by its own 
evaporabon What v eight of vapour must evaporate m order to freeze a 
gramme of vater at freezing-point ? 

12 Two vessels contain, the one two pounds of ice cold water, the 
other one pouijd of water and one pound of ice WTiich wll boil the 
sooner if they are subjected to the action of equal sources of heat ? Give 
reasons for your answer 

13 Steam at 100° is passed into 100 grammes of ice at 0° How 
many grammes of steam will be required to melt the ice ? 

14. Distinguish carefully between saturated and unsaturated vapours 
Into a vacuous cylinder provided with a piston there is introduced just 
enough water to saturate the space with vapour at 20° Descnbe fully 
what happens (especially with regard to pressure) under the follownng 
conditions — (1) The volume of the space is increased by pulling out the 
piston (2) The volume is dimimshed by pushing the piston down (3) 
The volume remainmg as at first, the temperature increases to 30° (4) 
The temperature falls to 10° 
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69 Water-vapour m our Atmosphere — The presence 
of water-vapour in our atmosphere may be shown as follows 

Expt 38 — Place some calcium chlonde [CaCU] m a 
saucer and leave it exposed to the air The salt becomes wet 
on the surface and gradually dissolves in the water which it 
attracts from the air 

Substances like calcium chlonde and sulphunc acid, which 
combine eagerly with water, are said to be hygroscopic^ and are 
used for drjnng air and other gases (see Art 60) 

Expt 39 — Dry the outside of a glass tumbler or beaker 
and pour cold water (or iced water) into it , take it into a 
warm room The surface of the glass becomes dimmed As 
the air in contact with it is gradually cooled the vapour present 
IS deposited upon it in the form of minute drops of water or 
dew 

You must not conclude from such experiments that the air 
IS fully charged or saturated with water-vapour This seldom 
happens , and when it does, the air is incapable of taking up 
any more water-vapour Now common observation shows us 
that, except on verj’ damp days, water exposed to the air 
rapidly evaporates, as, for example, when wet clothes are hung 
out to dry We conclude, then, that our atmosphere generally 
contains a certain proportion of w ater- vapour, but seldom 
suffiaent to saturate iL A good ‘drying’ day is one on which 
the amount of tvater-vapour present is far from being sufficient 
to saturate the air , but the rale of evaporation also depends 
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upon tte presence or absence of \vind, for when the air m 
contact wnth a moist surface is frequently renewed the moisture 
IS more rapidly removed. 

The branch of Physics that deals with the moisture of the 
atmosphere is called Hygrometry 

60 Absolute amount of Water-vapour — The amount 
of water-! apour contained in a given volume of air can be 
measured by slowly aspirating the air through a senes of tubes 
(Fig 36) containing a hygroscopic substance which absorbs 



and retains the water Any large bottle or jar with a stop- 
cock at the bottom will serve as an aspirator (A) This is 
filled with water which, as it runs out, draw's a current of air 
through the U-tubes C, D, and E These contain pumice- 
stone soaked with sulphunc acid, and are carefully w'eighed 
before and after the experiment , the increase of weight tells us 
the total amount of water absorbed, fhe volume of air which 
has passed through the apparatus can be found by measunng 
the water which runs out from the aspirator The results are 
expressed by saying that the air contains so many grams of 
water-! apour per cubic foot, or a certain fraction of a gramme 
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per litre. The quantity thus measured is the absolute (or 
actual) amount of water-vapour contained in a gi\ en volume of 
the air at the time of the experiment and under the conditions 
then existing 

Similarly, by passing through the apparatus a known 
volume of air which has beforehand been saturated vath watcr- 
\apour, IV e can find out how much water- vapour is required to 
saturate a given volume of air at any temperature 

61 ‘ Wetness ’ and. ‘ Dryness ’ — Experiments made in 
the way descnbed above show that the absolute amount of 
water-vapour contained in the air at a given time does not 
fully explain what we call the ‘wetness’ or ‘dryness’ of tlie 
air For it is found that on cold misty days in winter, when 
the air appears quite damp, the amount of water-v'apour actually 
present in a giv en volume of it is frequently less than on a hot 
summer day, when we say that the air ‘feels dry’ And the 
reason is not difficult to understand The amount of water- 
vapour required to saturate a given space depends upon the 
temperature, being greater in hot weather than in cold Now 
we judge of the ‘ wetness ’ or ‘dryness ’ of the air by the rate at 
which evaporation goes on, and this does not depend chiefly 
upon how much water-vapour the air already contains, but 
rather upon hcrM much more it can take up, i£ how far it is 
from being saturated 

62 Relative Humidity — The apparent wetness or 
dryness of the air depends, then, upon two things — 

(i) upon the amount of water-vapour actually present in a 
given volume of the air (which we have called the absolute 
amount of water-vapour or absolute humidity), 

and ( 2 ) upon the ratio between this and the amount required 
to saturate the same volume. 

This last IS called the Relative Humidity, and may be 
defined as follows — 

The relative humidity of the an at any time is the ratio 
between the amount of water-vapour actually present at the 
time and the amount wJuch would be lequued to saturate it at 
that temperature 

Thus, if a given volume of air is found to contain an amount 
\w of vvater-vapour, and if an amount TV would be required in 
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order to saturate it at its actual temperature, then the relative 
w 

humidity is 

This IS sometimes expressed as a fraction and sometimes 
as a percentage , thus, hen the air is found to contain one- 
fifth as much water-vapour as would saturate it, we may either 
say that the relative humidity is o 2 or 20 per cent 

03 The Dew-point — If we wish to know the humidity 
of the air at any time, the simplest way of proceeding is to 
find out how far it is from being saturated This can be done 
by cooling the air gradually down until it begins to deposit its 
moisture as dew (see E\pt 39) The temperature at which 
this occurs is called the dew-pomt 

Tlie dew-potnt ts the iempe7 ature at which the atr begins to 
deposit its moistuie in the form of dew 

You should understand clearly that the dew-point is not a 
fixed temperature , it changes continually, as the temperature 
of the air and the amount of water-vapour contained in it 
change On very damp days the dew-point is only slightly 
below the temperature of the air In dry weather the air needs 
to be cooled very considerably before the deposition of dew 
begins, so that the dew-point is much below the actual 
temperature. 

Instruments used for the 
purpose of finding the dew- 
point are called hygrometers 

64. Daniell’s Hygro- 
meter — This is one of the 
oldest forms of dew-pomt in- 
struments It consists of two 
bulbs (A and B, Fig 37) con- 
nected by a bent glass tube 
The bulb A is half-filled with 
ether , the rest of the instru 
ment contains nothing but 
ether-vapour The bulb B is 
covered ivith muslin and can 
be cooled by dropping ether upon it This condenses the 
ether-vapour inside B, and more ether distils over from A to 



Fig 37 
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take Its place. Thus A is gradually cooled, just as the bulb 
A in the crjophorus (Fig 34) is cooled when B is placed in 1 
freezing-mixture At a certain pomt a thin film of dew makes 
Its appearance on A , the temperature at which this occurs is 
indicated by a delicate thermometer, the bulb of which dips 
into tile ether in A Another thermometer attached to the 
stem (C) gives the actual temperature of the air 

66 Dmes’ Hygrometer — There are two difficulties in 
using Darnell’s hygrometer The observer must stand near 
the instrument , also ether must be used, and this, of course, 
gets into the air Both these objections are removed by 
the hygrometer introduced by Mr G Dines (Fig 38), in 



which a current of cold water is made to cool a thin plate of 
black glass (E) upon which the dew is deposited Cold water 
(or iced water) is placed in the vessel A, which communicates 
by a tube with the chamber D The thin glass plate E forms 
the top of this chamber, and just underneath it is the bulb of 
the thermometer C The observer adjusts the stop cock B so 
that a slow current of water flows through , he then watches 
the plate E, and as soon as its surface becomes dimmed he 
reads off the temperature indicated by the thermometer C 
It IS usual, both wath this and the Daniell hygrometer, to 
make a double observation First, the temperature at which 
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the deposition of dew begins is observed , then the cooling is 
stopped, and, as the cold surface gradually gets warmer, the 
temperature at which the dew disappears is noted The 
mean of these two is taken as the dew-point 

60 Wet and Dry Bulb Hygrometer — Another way 
of judging of the humidity of the atmosphere is by observing 
the rate at which evaporation is going on This can be done 
by measunng the cooling effect produced by it 

Expt 40 — Take the temperature of the air with a ther- 
mometer, then wrap round the bulb a small piece of fine 
muslm, and thoroughly wet this wath w’ater which has stood for 
some time m the room and is at the same temperature as the 
air in it- The thermometer falls, and on a dry day may fall 
through several degrees This effect is due to the heat 
absorbed in evaporation of the water It is not so marked as 
if we had used ether (see Expt 35 ), but it always occurs 
excepting when the air 
IS saturated wnth water- 
vapour, which is seldom 
the case 

Upon this pnnaple 
the wet and dry bulb 
hygrometer (Fig 39 ) is 
based It consists of 
two thermometers, one 
of vhich is simply ex- 
posed to the air and 
indicates its tempera- 
ture, while the bulb of 
the other is kept con- 
tmually moist This is 
done by covering the 
bulb with muslin, which 
IS connected by a wick 
ivith axessel containmg 
■"ater (This vessel 
should be smaller, and 
placed at one side , not directly beneath the bulb as in the 
figure.) The continuous evaporation from the wet bulb 
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keeps Its temperature constantly lo'ner than that of the dry 
bulb The difference between the two temperatures depends 
upon the dryness of the air When this difference is 
great it indicates that evaporation is going on rapidly, and 
consequently that the air is dry and the dew point low \Vhen 
the difference m temperature is small it indicates that but 
little evaporation is going on from the wet bulb hence we 
conclude that the air already contains much water-vapour and 
that the dew-point is high 

07 You should understand clearly that the temperature of the wet bulb 
thermometer is not constant, but (like the dew-point) changes with the 
temperature and humidity of the air Nor must it be confused with the 
dew pioint it is higher than the dew point The greater the difference 
between the dry and wet bulb readings the lower the dew point is 

But consider what would happen if the instrument were surrounded by 
air already saturated with water-vapour There would be no further 
evapioration , the wet bulb thermometer would show the same temperature 
as the dry-bulb thermometer and this (imder the condiUons stated) would 
also be the dew-point. 

The theory of the instrument has been worked out and a formula has 
been constructed which enables us to calculate the detv point when the 
temperatures of the wet and dry-bulb thermometers are known The 
results thus obtained hate been compared tvith those given by the conden 
sation hygrometers (Arts 64 and 6$), and tables have also been drawn up 
from which the dew-piomt can at once be found when the readings of the 
wet and dr>-bulb hygrometer are known On account of its convenience, 
It IS the form of hygrometer most commonlv used by meteorologists 


Examples on Chapter IX 

1 What circumstance determines whether a towel exposed to the air 
shall dry or shall become damp ? Whj does a damp cloth exposed to 
draught become veiy cold? 

2 Descnbe an instrument for actually determining the detv-point 
\^^^at do you understand bj the term ? 
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TRANSMISSION OF HEAT— CONDUCTION 

68 Modes of Transmission of Heat — Heat may be 
transmitted from one point to another by three processes, 
called respectively conduction, convection, and radiation. 

You know that if the point of a poker be pushed into a 
fire, the heating effect is not confined to the point alone it 
gradually extends throughout the length of the poker, from the 
parts near the point tow'ards the handle, which, after a while, 
may become too hot for you to hold This transference of 
heat from hotter to colder parts of the poker, and from the hot 
poker to your hand, is called conduction 

Again, if you withdraw the red-hot poker from the fire and 
hold )our hand above it, you feel a sensation of heat which is 
mainly due to the W'arm air (heated by contact with the poker) 
nsing upw ards This process is called convection. 

Lastly, if you hold your hand an inch or so bclmv the red- 
hot poker you still feel a sensation of heat This is not due 
to convection (for heated air always nses upwards), but is pro- 
duced by a direct transmission of heat through the air from the 
poker to your hand, a process which is called radiation It 
IS by radiation that your hands are warmed when you hold 
them m front of the fire 

69 Dejiiithon — Conduction ts the transmission of heat from 
hotter to colder farts of a body, or from a hot body to a colder 
body in contact with it This transmission takes place 
gradually from particle to particle, but without any visible 
motion of the parts of the body 
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The last sentence is added to point out how conduction 
differs from radiation and convection Conduction is a 
gradual process m which heat only passes from hot to cold 
parts of the body by heating the intermediate parts The 
transmission of heat by radiation is so rapid as to be prac- 
tically instantaneous , it also takes place without heating the 
medium through which it passes In the case of convection 
heat IS conveyed from one point to another by actual motion 
of the hot body as a whole These distinctions will be better 
understood after reading the ne\t two chapters 

70 Conduction in Solids — Sohds differ from one 
another enormously in their power of conducting heat Metals 
are generally good conductors, silver and copper being the 
best Glass, stone, leather, wood, flannel, and organic sub- 
stances generally are bad conductors 

Expt 4 1 — Hold one end of a copper or brass wre, about 
3 inches long, in a flame. The heat is rapidly conducted 
along the ware, and it soon becomes too hot to hold. An iron 
or platinum wre does not get hot so quickly A stnp of wood 
(a match) can be held until it bums down quite near the 
fingers A piece of glass rod or tubing can be held quite 
comfortably for a long time It is this bad conducting power 
of glass that makes glass-blomng possible When a glass tube 
IS fused m a blowpipe-flame, it can be handled to wthin an 
inch or so of the fixed part without discomfort. 

Expt 42 — Place spoons made of different substances with 
their bowls dipping into hot water The handle of a silver 
spoon (real silver) soon gets so hot that you cannot comfortably 
hold It A common spoon (made of Britannia metal) does 
not get hot so soon , with spoons made of bone or wood the 
heating effect is scarcely noticeable 

Expt 43 — Paper is a bad conductor of heat, and at once 
becomes scorched and begins to bum when placed in a flame. 
Yet a piece of paper may be held for some tune in a flame 
without burning (and even wuthout getting scorched) if there is 
a metal surface immediately behind it to carry away the heat 

This can be well shown by means of a cylinder one half of 
hich IS made of brass and the other half of wood (or one end 
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of a wooden cylinder may be turned down so that a brass tube 
of the same diameter can be slipped over it) Wrap a piece of 
wnting-paper tightly round the cylinder and hold it in a Bunsen 
flame, as m Fig 40 The paper covenng the wooden half of the 
cjdinder is scorched (just up to 
the line of junction) long before 
any effect is produced on the 
other half The brass conducts 
away the heat so rapidly that 
the paper is kept cool The 
expenment shous that brass is 
a far better conductor of heat 
than wood is 

Yl Oompanson of Con- 
ducting Powers. — The fol- 
lowing experiments show how 
the conducting powers (or con- 
ductivities) of differentmatenals 
may be compared 

Expt 44 — A number of metal and other rods, of the 
same length and thickness, are covered with a coating of wax, 
and are mtroduced into holes in the front of a metal trough 
(Fig 41), which IS then filled with boiling water As the heat 
travels along each rod and warms it up to the proper tempera- 
ture, the wax melts 




Fig 40- 


Wait until there is no further sign of melting, and then 
observe that the wax has melted much farther along some rods 
than others 


G 
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Expt 45 — Take two stnps or bars of iron and copper 
respectively, and of the same size. Attach small w ooden balls 
(or marbles) to them by means of wax. Fix them end to end 



Fig 42 


and place a burner underneath, so as to heat them equally (a 
better plan i,s to nvct both to a cross-piece and heat this) 

The balls wnll be found to drop off the copper strip more 
rapidly than off the iron 

Expt 46 — Cut discs of copper, iron, wood, and cork of 
about ^ inch thickness, and large enough to cover the top of 
the air-thermoscope (p s) As a source of heat use a metal 
cylinder (iron or copper) heated to 100° by immersion m boiling 
water 

Place one of the discs on top of the air-thermoscope, and 
on this put the hot cylinder Wait a couple of minutes and 
observe the greatest depression produced Try the other discs 
m the same way Copper gives the gp'eatest depression , wood 
and cork scarcely allow any heat to pass 

72 When one end of a bar is heated, the rate at which its 
temperature rises depends not only upon its conductivity but 
also upon its specific heat Other things being equal, a bar 
having a low specific heat would get hot more rapidl) than 
another having a high specific heat. Thus the above methods 
of expenmenting are not quite satisfactory, excepting where the 
substances compared have nearly the same specific heat (as m 
the case of iron and copper, Expt 45) But they show 
sufficiently well that metals are, in general, good conductors of 
heat, silver and copper being the best , w’hereas stone, glass 
wood, cork, etc , do not conduct heat nearly so w'ell, or are bad 
conductors * 
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In order to keep our bodies warm w e make use of such bad 
conductors (woollen clothes, flannel blankets, fur, leather, etc ) 
Other applications of non-conductors will readily occur to you 
— eg kettle-holders, the handles of coffee-pots, kettles, and 
soldenng-irons, etc. The badly-conducting materials which we 
use for ‘ keeping out cold ’ are also the best for keeping out 
heat Thus, if you msh to keep a block of ice m hot weather, 
and have no ice-chest to put it in, it should be ivrapped up in 
flannel 

You mil now be better able to understand why it is that, in our 
climate, metals and other good conductors feel cold to the touch 
(see pp 1-3) If the temperature of surrounding objects were 
higher than that of our bodies, the reverse would be the case , 
and so in the hot rooms of Turkish baths it is found that iron 
and stone are painful to touch because they part w'lth heat so 
readily, whereas wood and flannel can be handled w'lthout 
discomfort 

73 Actton of Wire-gauze on Flame — A combustible 
substance mil not burn, even in presence of air or oxygen, 
unless It IS raised to a certain temperature, w'hich is called the 
‘temperature of ignition’ of the particular substance Now 
when a good conductor is introduced into a flame it rapidly with- 
draws heat from the flame and thus cools it The follownng 
ex-peraments show that it is easy to cool and extinguish a flame 
in this w'ay 

Expt 47 — Coil some copper wnre round a rod, leaving 
a piece free at the end to serve as a handle, and making 
the coil of such size as to fit round the flame of a spint- 
lamp Low er the coil vertically over the flame until the bottom 
of It touches the wick The flame shnnks away from the coil 
and then goes out 

The coil does not crush out the flame , there is plenty of 
room for it to bum and air can easily pass between the turns of 
w ire That the effect is really due to the cooling action of the 
metal may be shown as follows Heat the coil to redness by 
means of a Bunsen burner and low'er it again ovnr the flame 
of the spmt-lamp , it is no longer extinguished Cool the coil 
by dipping it in w'ater, drj’^ it, and repeat the expenmenL 
The cold coil at once puts out the flame. 
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[A coil of No 1 6 A\ire, | in m diameter and 2 in long, does 
w ell for a spint-lamp For a candle-flame use a smaller coil ] 

E\PT 48 — Procure a piece of wire-gauze, such as is 
commonly used m laboratories for supporting glass vessels in 
which water is to be boiled Lower the gauze upon the flame 
of a Bunsen burner The flame does not pass through the 
meshes of the gauze but appears to be crushed down by it 

43) 



Fis 43 Fig 44 


The gauze cools the mixture of coal-gas and air that streams 
through It below the temperature of ignition That this 
inflammable mixture does readily pass through the gauze may 
be shown by setting fire to it wath a lighted match. It may 
also take fire of itself if the gauze gets red hot 

E\pt 49 — Turn on the burner but do not light the gas 
Place the wire-gauze on the top of the burner and light the gas 
above it The gauze may now be lifted an inch or so abo\ e 
the burner (Fig 44), but the flame does not stnke down 

74 . Tlie Safety-lamp — Upon this pnnaple depends the 
action of the safety-lamp invented by Sir Humphiy’ Davy It 
consists of an oil-lamp (Figs 45, 46), the flame of which is 
surrounded by a cj’hnder of wire-gauze closed on top by a 
brass plate The gauze does not interfere with the burning of 
the oil, but, as we have seen, it prevents any flame from 
passing from the inside to the outside. Thus the lamp can be 
safely used even in an atmosphere containing inflammable gases, 
such as the ‘ fire damp ’ which is the terror of coal-miners 

The use of naked lights is no longer permitted m mines 
which are known to be ‘fierv’ or liable to accumulations of 
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fire-damp By using the Davy lamp the miner is able to work 
wnth safety m such mines, and is also provided ivith a warning 
of the approach of danger 
For when the amount of 
inflammable gas present 
becomes great enough to 
produce an explosion, it 
bums inside the gauze 
with a blue flame, and the 
miner then knows that it 
IS time for him to wnth- 
draw 

Expt 50 — Connect a 
glass tube by india-rubber 
tubing to a gas tap, and 
direct the stream of gas 
against the gauze of a 
lighted safety-lamp The 
flame of the lamp grows 
larger, and the coal-gas 
bums quietly inside, but the flame does not spread outside the 
gauze. 

75 Oonduotion in laquids — As may be seen from the 

following e\penments, liquids 
are bad conductors of heat 
Mercury and other molten metals 
are exceptions to this mle. 

Expt 51 — Apparatus re- 
quired — A differential thermo- 
meter of the form shown in Fig 
47 (having one bulb higher than 
the other) a vessel large enough 
to contain the thermometer , and 
a tin dish which can be supported 
from the top of this 

Pour into the vessel enough 
w'ater to cover the bulb to a 
depth of a couple of inches 
Support the tin dish so that it just dips into the water, and 
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then fill It with boiling water or hot oiL It wll be some time 
before enough heat is conducted downward to affect the ther- 
mometer 

Expt 52 — Another form of the evpenment is shown in 
Fig 48 An ordinary (mercunal) thermometer is inserted 
through a hole in the side of a vessel into which water is 
poured to about an inch above the bulb The water is heated 
by carefully pounng hot oil on its surface, or a few drops of 



benzene may be poured on its surface and ignited , in this 
case the thermometer wall scarcely be affected at all 

Expt 53 — Twist some copper wire round a piece of ice, so 
as to 'make it heavy enough to sink m water, drop it into a 
long test-tube nearly filled with water, Ult the test-tube so 
that the water in the upper part may be heated over a flame 
The water may thus be made to boil on top without causing 
any noticeable melting of the ice 

76 Mercury a good Oonductor — That mercury con- 
ducts heat much better than water may be shown by the 
following expenment 

Evpt 54 ■ — Take two test-tubes of equal size and fix a 
wooden ball (or a marble) on to the bottom of each with bees 
wax Nearly fill one wnth water and the other with mercury 
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Bend a piece of thick copper wire to the shape shown in Fig 49 
(which IS drawn one-fifth of the actual size) Heat the inre to 
redness, and support it with one leg dipping into the water and 
the other into the mercur}’^ The ball ■mil soon drop off the 
left-hand tube, while the other will remain on although the 
water may be spluttenng and boiling on 
top 

Observe that in all the above e'^en- 
ments the liquid is heated from on top, so 
that the heat has to pass dowmward , this 
is the only ivay in which the true conduct- 
ing power of liquids can be examined If 
they are heated from below, convection- 
currents are produced , and the same is true 
for gases (see next chapter) 

77 Conduction in Glases — Gases 
are even worse conductors of heat than 
liquids Hence ice-houses (for the storage 
of ice in summer) are constructed mth 
double walls the air between these protects 
the contents from ex-temal heat So in 
cold climates double doors and mndows 
are used to retain heat and keep dwelling- 
houses warm 

Expt 55 — Place upon the palm of your hand a loose 
pile of some badly- conducting povder such as lime, as- 
bestos, or plaster of Pans On this lay the point of a red- 
hot poker or a piece of iron (not too hea\ 7 ^) heated to redness 
The iron can be held for some time mthout burning the 
hand 

If the po^\ der were pressed down tightly upon the hand (as 
vould happen if the iron were hea\'y), it vould soon feel 
painfully hot. This shows that the effect is mainly due to the 
bad conducting power of the air entangled between the solid 
particles The powder is interposed to cut off the direct 
radiation of heat 

The low conducting power of air is made use of in the 
construction of ice-safes, which are made wath a double 
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casing The space between is filled with straw, sawdust, or 
other loose, badly-conducting material, which hinders the free 
motion of the air, or in other words, stops convection Fur, 
feathers, eider-down, and wool owe their warmth to the air 
entangled in them 
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TRANSMISSION OF HEAT— CONVECTION 

*78 On account of their low conductivity, fluids (z e liquids 
and gases) are only warmed very slowly when the heat is 
applied from on top But they soon get warm when the heat 
is applied from below, as when water is heated in a kettle by 
placing it on a fire, or when air is heated 
by contact with warmer soil The parts 
which are first heated expand, and being 
thus rendered lighter ^ they ascend their 
place IS taken by colder parts of the fluid, 
which, m turn, are heated and also as- 
cend There is thus produced in the fluid 
an upward current which cames heat 
with It This mode of transmission of 
heat IS called convection, and may be 
defined as follows — 

Co7i'vecttoji IS tJie transmission of heat 
by actual motion of the farts of a heated 
fluid 

It IS clear that convection-currents can 
only be produced in liquids and gases, 
for the parts of a solid cannot move 
about in the manner descnbed 

*79 Convection m liquids — The 
convection of heat in liquids may be 
illustrated by the following experiments 

Expt 56 — Fill a round-bottomed flask ivith -water, and 
^ See E-qjt 12, p 25 
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drop into it some crystals of magenta dye. Heat the 
flask over a small flame (smaller than that shovm in the 
figure) The water just above the heated spot ascends, and Us 
place IS taken by colder water from the sides A current of 
hot (and coloured) -water nses up the middle of the flask, 
spreads out on top, and then works its way down the colder 
sides as indicated by the arrows 

The direction of the currents may also be shown by 
throwing in sawdust. 

Exfi 57 — ^With the aid of a lantern convection-currents 
in water may be shown by projection on a screen 
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The water (slightly warmed) is placed in a cell mth parallel 
glass sides (Fig 51), and the image of this is focussed on the 
screen. If a piece of ice be now floated on the -water, it -will 
gradually melt, and the colder water sinks to the bottom of the 
cell The descending current shows upon the screen in the 
form of streaks, which arc due to the unequal refraction of cold 
and warm water (see Light, ch vi ) 

Or again, the cell may be filled with cold water and hot 
water may be introduced into this by means of a pipette 
dipping into It If this is done very slowly and cautiously, the 
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hot water ^vill be seen to nse upwards and form a layer floating 
on the colder water (The image on the screen is of course 
inverted ) (See Light, ch vin ) 

Expt 58 — Make a paper box by folding stout ivnting- 
paper , put a few stitches in to keep the flaps from opening, 
and hang the box up by threads from the four comers (Fig 
52) Half-fill the box with water and let the flame of a 
Bunsen burner play on the bottom of it The water can be 
heated to boiling ivithout scorching the paper 

You should not conclude from this expenment that paper is 
a good conductor of heat It rather shows how rapidly heat is 
earned off by convection If it were not for the water the 
paper would soon bum, and if the flame is too big the box does 
get scorched above the iiater-lme 

80 Circulation of Water — The following expenment 
shows how a continuous arculation of water can be maintained 
by convection 

Expt 59 — A glass tube of the form shown in Fig 53 is 



S3- 

filled with water up to the open neck on top, and one of the 
Vertical branches of the tube is heated (near the lower comer) 
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by means of a small gas-flame or spint-lamp The heated 
water ascends and its place is taken by colder water from 
below 

To show up the motion of the water better, drop m through 
the neck a little magenta dye (as much as can be taken up on 



Fig 54- Hot Water Heating Apparatus. 


the point of a penknife, crushed and moistened with water 
before dropping it m) The coloured water moves towards the 
left, passes down the left-hand tube, and so round as shown by 
the arrows The circulation can be kept up as long as ) ou 
please, but cannot well be followed after the dye has worked 
round to the neck. 
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8L Heating by Hot Water — One of the best methods 
of heating large buildings is by means of hot-water pipes The 
general arrangement of a hot-water system is shown in Fig 54 
The pnnciple on which the method depends has been illustrated 
in E\pL 59 

The water is heated in the boiler B, and nses up through 
the pipe ab , it then passes through coils (C, C', etc) which 
are placed in the vanous rooms and serve to distribute the heat 
wherever it is most required Having parted with much of its 
heat, the water is now colder and heavier , it sinks through the 
return pipe ctb to the bottom of the boiler, where it is again 
heated and begins its journey afresh 

All three processes — conduction, convection, and radiation — come into 
plaj here. Heat is radiated out into each room from the pipes and coils , 
these are piainted a dull black so as to increase their emissive power (p 
103) and the separate pipes in each coil are provided w ith numerous flanges 
so as to increase the radiating surface It is by conduction that the heat 
passes from the fumaqe through the boiler into the water and, later on, 
from the water to the outer surface of the pipes and coils The air above 
these IS heated by convection , and the whole system is a capital example 
of a continuous water convection current carrjnng heat with it from the 
boiler to the coils 

82. Convection in Giases — The draught up a chimney 
IS a familiar example of convection Before passing into the 
chimney the air is heated by the fire and is thus rendered 
lighter than the air outside. In the same way convection- 
currents are produced in the chimneys of oil-lamps 

The upward motion of the air above any hot body (e^ a 
red-hot poker) may be observed by holding near it a piece of 
smouldenng brown paper (or ‘ touch-paper ’ made by soaking 
brown paper in saltpetre solution and then drying it) 

The quivenng appearance of objects seen over hme-kilns 
and chimney-stacks is due to the irregular refraction of light 
through the heated air nsing up In this way convection- 
currents in air may be well shown by using a lantern as m 
Expt 57 (excepting that here no focussing is necessarj'^) 

Expt 60 — Hold a spint-lamp in a strong beam of light 
from the lantern, and examine its shadow on the screen 
Wavy streaks of light around and above the flame show the 
ascending currents of hot air 

Examine m the same way the shadow of a red-hot poker or 
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of an iron or copper ball heated to redness Observe that 
below the ball the air is only heated to a very short distance 
This shows what a bad conductor air is 


Expt 6 1 — Place a lighted candle-end on a saucer and pour 
some water round it , over the candle place a lamp glass The 
flame flickers awhile and then goes out There is an open 
outlet above for the heated air and products of combustion, 
but no fresh air can get in below and so the candle cannot bum 
Repeat the expenment and introduce a piece of cardboard 
down the middle of the lamp-glass as in Fig 55 The flame 

appears to be bloivn about a 
bit at first, but it bnghtens up 
and keeps alight The card- 
board has roughly divided up 
the chimney into two halves and 
the flame makes use of one of 
these to get rid of the hot gases 
while the other brings fresh air 
down to It The existence of 
these two currents can be shorni 
by holding smouldenng paper 
near the top of the lamp-glass 

83 Ventilation of 
Rooms — In our climate dwell- 
ing-rooms are usually warmer 
than the air outside. This is 
not only due to fires and lights, 
but also to the heat given out bj 
our owm bodies This hot and impure air nses to the top of the 
room, as you may easily prove by standing on a table in a 
closed room where several gas-jets ha\e been burning In 
order to keep the air sufficiently pure for respiration we require 
some system of ventilation, te some means of getting nd of 
hot impure air and replacing it by cool fresh air 

If you slightly open the door of a room and hold a lighted 
candle in the gap, you will generally find that near the floor 
the flame is blown inwards (Fig 56 ) At the top (unless the 
room IS very high) it is drawm outwards while a position (about 
‘’,half-w'ay up) can generally be found m which tlic flame bums 
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steadily Thus cold air tends to make its "nay into the room 
at the bottom, dnvmg out the warm light air above. Two 
things are therefore necessarj' 
before a room can be properly 
rentilated an outlet for warm 
air just under the ceiling, and 
an inlet for fresh air near the 
floor 

84 . Ventilation of Mines 
— Coal mines have to be thor- 
oughly ventilated m order to 
supply fresh air for breathing 
and also to pre^ent accumulation 
of the dangerous and inflam- 
mable fire-damp referred to m 
Art. 74 For this purpose two 
lertical shafts are provided at 
opposite ends of the mme At 
the bottom of one of these Fig 56 

(called the up-cast shaft) a large 
fire IS kept burning, and this creates a powerful upward 
draught. Fresh cold air enters through the other shaft (called 
the down-cast shaft), and has to make its way through the 
\anous workings of the mine before it reaches the up-cast shaft. 
The action of the sj stem maj be illustrated as follow s — 

Expt 62 — Take off the front of a flat wooden box and 
replace it by a sheet of glass Cut tw o holes m the top of the 
box (at opposite ends) and put a lighted candle m the box 
under one of these Over each of the holes place a lamp- 
chimney or wade glass tube, as in Fig 57 The left-hand tube 
represents the up-cast shaft, the candle the fire, the nght hand 
tube the down-cast shaft, and the box itself the mine 

By^ holding smouldenng paper at the top of the tubes, it can 
be shown that there is a steady current of air down the nght- 
hand tube, through the box, and up the left-hand tube. 

86 Convection-Ourrents m Nature — The student 
should here read Arts 24, 25 again Winds, which are 
natural convection-currents on a large scale, wall be treated of 
in Chapter XIII, after we have considered radiation 
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Ocean currents may be regarded as convection- currents 
so far as their effects are concerned although they are not 
directly produced in the way above described TTiey owe 



their origin to the action of winds and, in general, follow 
the direciion of the prevailing wnds These in tropical 
regions are easterly (x e blow from east to west), and so 
in the Atlantic Ocean there is an equatonal current from 
east to west. This passes along the north east shoulder 
of South Amenca, into the Canbbean Sea, and flows out 
of the Gulf of Mexico as a mighty stream of warm water — 
the Q-ulf Stream — which skirts the coast of the United 
States and then sweeps across the Atlantic to the north-west 
coasts of Europe As an example of the effect of the Gulf 
Stream on climate, it may be stated that the harbour of 
Hammerfest in Norway is free from ice all the year round , 
whereas the mouth of the Baltic (12 degrees farther south) 
and the nver Hudson (in the same latitude as Rome) are 
frozen over three months in the year The comparative 
mildness of winter in the British Isles is largely due to the 
influence of the Gulf Streaim 



CHAPTER XII 


TRANSMISSION OF HEAT— RADIATION 

86 We have already referred (Art 68) to radiation as a third 
mode of transmission of heat It is by radiation that the sun 
warms our earth We niay at once mention two respects in 
which radiation differs from the other modes of transmission of 
heat A hot body emits radiation tn all direcitons and tn 
straight lines An obstacle interposed in the direct line 
between you and a source of heat at once cuts off the radia- 
tion You can protect your face from the heat of a fire 
by holding a book or paper between , and when the sun’s 
rays are too powerful you seek relief by getting into the 
shade. 

The transmission of heat by convection, on the other hand, 
always takes place m one direction {eg by upward currents) , 
and conduction is not restricted to straight lines, for a bent 
wire conducts heat as well as a straight one. 

Light IS known to travel at the rate of about 186,400 miles 
per second Now, when an eclipse of the sun takes place, it is 
found that the light and heat are cut off at the same time , 
hence both must travel with the same enormous speed. Another 
charactenstic of heat-radiation is that the medium or substance 
through which it passes is not thereby sensibly warmed. It 
IS true that many media are only partially transparent to 
heat , these absorb a portion of the radiation as it passes 
through them (just as partially transparent glass absorbs a 
certain proportion of light), and are thereby warmed. With this 
reservation we may define the process of radiation as follows — 

Heat IS said to be li ansimtted by radiation when it passes 

H 
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from one fomt to anoiJier tn straight lines, with great speed, 
and without heating the medium through which it passes 

87. Much of what is stated in this chapter will be better 
understood after the student has read the next section of this 
book (Light) The laws of reflection and refraction are the 
same for heat as for light. If an image of the sun be formed 
with a lens on paper or on the back of the hand, the heat is 
found to be focussed at about the same spot, a fact with which 
schoolboys are suffiaently familiar, and which shows that heat- 
radiation can be refracted as light is Again, the law of 
inverse squares (p 1 24 ) applies here as in the case of light, and 
It IS best to study the two sets of phenomena in connection 
mth one another 

A body heated m a dark room to a comparatively low 
temperature, say below a dull red heat, is not visible , it emits 
only heat-radiation. But when it is heated above this tempera- 
ture It becomes visible , it now emits both kinds of radiation, or 
It would be more correct to say that the effect produced by its 
radiation depends upon the object on which that radiation falls 
It affects the surface of our bodies as heat , it produces in our 
eyes the sensation of light 

The common use of the term ‘radiant heat might lead 
the student to suppose that there are different kinds of heat, of 
which ‘ radiant heat ’ is one This is not so Stnctly speaking, 
radiation is not heat at all at any rate, it does not exhibit the 
ordinary properties of heat If it were, it could not pass, as it 
IS known to do, through bodies without heating them There 
IS reason for believing that radiation travels m the form of 
waves, much as waves are propagated on tlie surface of water 
by the upward and downward motion of the particles of water 
The disturbing cause produang these waves is the hot body 
emitting the radiation The waves, ih general, travel freely out- 
wards m all directions , but when they strike against an obstacle 
they may be partly reflected from its surface, partly absorbed 
by it, and partly transmitted through it Bnght polished tin- 
plate may be taken as a type of a good reflector , lamjj-black 
as a type of a good absorber , and rock-salt as the best example 
of a substance which is transparent to heat-radiation 

88 Apparatus, etc — For detecting the presence of heat- 
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radiation the differential thermometer (Fig 19) may be 
employed. The bulbs should be painted over a dull black , 1 
the reason for this will be explained in Art 90 The ether- 
thermoscope showTi in Fig 58 IS even more delicate than the 
differential thermometer It is made like the cryo- 
phorus (p 69), excepting that it contains coloured 
ether instead of water It may be regarded as a 
differential thermometer in which the ether forms the 
indicating column and in uhich the bulbs contain 
ether-vapour instead of air WTien the lower bulb 
is held in the hand or placed near a hot body the 
pressure of the ether-vapour inside it increases (p 5 9), 
and so the liquid ether is forced up in the stem 
The lover bulb should be blackened 

As a source of heat a cubical tin box (of about 
5 inches side, see Fig 64) filled with water may be 
used. One of the vertical sides of the box should 
be left as bright tin-plate , the opposite one may be 
blackened as explained in the footnote or by holding 
it over the smoky flame of burning camphor or tur- 
pentine. The other two may be treated as required Fig 58. 
for any particular experiment , e£- you may paste 
i\ hite paper over one and roughen the other with coarse sand- 
paper A box so prepared is called a ‘ Leslie’s cube,’ for such 
boxes were used by Sir J Leslie in his researches on radiation 

As a more powerful source of heat ve may use a copper 
or iron ball (about inch in diameter) heated to redness m 
a fire (Fig 62) 

We will now proceed to consider the reflection, absorption, 
and emission of radiation, in so far as they can be illustrated 
with the aid of simple apparatus 

89 Reflection- — ^E xpt 63 — Procure two tubes of bnght 
tin-plate about 2 feet 6 inches long and 3 inches m diameter 
Support them horizontally on suitable stands, as shoivn in 
Fig 59 j the tuo tubes making an angle of about 120° ivith 
one another At the mouth of one place the ether- 

1 A lamp-black surface is best. The lamp black should be ground up 
mth thin shellac varnish, or with a mixture of equal piarts of gold size and 
turpenune, and then apphed wth a brush, 
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thermoscope T (or one bulb of the differenUal thermometer), 
and at the mouth of the other place the red - hot ball 



Generally, no effect will be produced on the thermoscope 
Now place at R a vertical sheet of bnght tm-plate equally in- 
clined to the two tubes This reflects the radiation through the 
second tube, and the heating effect is sho\vn by the rapid rise of 
the liquid column in the thermoscope By altering the position 
of the tm-plate sheet, it can be shown that the heating effect is 
greatest when the reflector is equally inclined to the two tubes 

If NP (Fig 6o) be the normal or perpendicular to the reflecting surface 
IV here the inadent ray IN meets it the angle INP is called the angle of 
incidence. The angle PNR, between the reflected ray NR and the nor- 
mal IS called the angle of reflection The laws of reflection here are the 
same as in the case of light (p 137) vis. — 

I The reflected ray lies in the plane containing the incident ray and 
the normal and on the opposite side of the normal. 

II The angles of inadence and reflection are equal 


B 


Fig 6a. Fig 61 

Exit 64. — The use of the tin plate tube is in itself on e-xample of 
reflection. If the ball and thermoscope be placed as at B and T (Fig 61) 
with the tube between them the heating effect will be so great ns to dnve 
the ether into the upper bulb. On removing the tube the heating effect 
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becomes much smaller Only a small fraction of the total radiation (viz. 
that travelling directly from B to T) now reaches the bulb But wh^ 
the tube is interposed, raj's such as BC and BD (which would otherwise 
travel along the dotted lines) strike against it, and after one or more 
reflections from the inside of the tube they reach the bulb T 

EXPT 65 — A. more striking illustration of reflection can be obtained 
with a pair of concave metallic mirrors (best of mckel-plated copper) 
fhese should be placed facing one another in a straight line. The red-hot 
ball IS placed m the principal focus of one and the bulb of the thermo- 
scojie in the focus of the other (Light, ch v ) Even when the mirrors 
are over 10 feet apart the reflection and concentration of the heat can m 
this wav be easily shown 

90 Absorptive Power — A sheet of bnght tin-plate 
reflects most of the radiation which falls upon it A sheet 
which has not been tinned (‘ black-plate ’), or which has had 
Its surface blackened, is a very poor reflector it absorbs most 
of the radiation and is thereby heated Thus different sub- 
stances have different absorptive 
powers The following experi- 
ments show that dull black sur- 
faces are good absorbers, whereas 
bright polished surfaces are bad 
absorbers 

Expt 66 — Take two sheets 
of tm-plate and blacken the face 
of one with lamp-black (p 99) 

On the back of each (m the cen- 
tre) solder a short, thick copper 
rod To the end of each rod 
attach a marble or vv'ooden ball 
with wax Hang up the sheets 
as shovvm in Fig 62, and place 
the red-hot ball midway between 
them The ball attached to the 
blackened sheet drops off long 
before the other does This proves 
that the lamp-black surface is a 
much better absorber than the 
bright tin-plate. 

Expt 67 —Blacken one bulb of the differential air-ther- 
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mometer and leave the other clean Expose them to the same 
sburce of heat and at equal distances The blackened bulb 
becomes hotter than the other, proving that lamp black is a 
better absorber than glass 

ExPT 68 — Paint a black ring (Fig 63) vntli lamp-black varnish on 
the face of a stout piece of tin foil Gnnd up some mercuric iodide uath 
weak gum ivater (or mastic varnish), and paint this over the back of the 



tin foil Mercnnc iodide is a scariet co’Stalllne powder , but when heated 
to about 150° It IS comerfed into a yellow modification. 

Now heat a flat piece of iron to redness and hold it about a inches in 
front of the tm-foil , on looking at the back of it you will see on the 
scarlet background a nng o [ mercunc iodide corresponding e-vactly 
to the blackened nng in front. 
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91 , Emissive or Radiatmg Povrer — The radiation 
emitted by a hot body depends (i) upon its temperature, and 
(2) upon the nature of its surface. The radiation increases as 
the body gets hotter, but it does not depend upon the tempera- 
ture alone. Some substances give out more radiation than 
others at the same temperature, and are said to have higher 
emissive or radiating powers. And it is found that the 
surfaces which have the highest emissive powers are precisely 
those which are the best absorbers (eg- dull black surfaces) 
This IS expressed by saying that good absorbers are also good 
radiators'* It inll be sufficient if we test the correctness of 
this statement in the case of the bright and black tm-plate. 

Expt 69 — Turn up the blackened bulbs of the differential 
thermometer as shown m Fig 64. Place the Leslie’s cube on 
the nng of a retort-stand mid-way between the bulbs Turn it 
so that the lamp-blacked surface faces one of the bulbs and 
the bnght tin-plate surface faces the other See that the bulbs 
are at equal distances from the sides Fill the cube with 
boiling ^vater The radiating surfaces are now at the same 
temperature (100°) , but the liquid column on the same side 
as the blackened surface at once begins to fall This shows 
that lamp-black is a much more powerful radiator than 
bnght tin-plate 

Expt 70 — Procure two tin pots (saucepans) of the same 
size, and coat the outside of one with lamp-black (p 99), 
leaving the other bnght , hang them up by stnngs at a 
convenient height and distance apart, so that the bulbs of the 
differential thermometer can be introduced, one into each pot 
(For this expenment the bulbs should be turned down as m 
Fig 19, and they need not be blackened ) Open the stop- 
cock of the thermometer , take enough water to fill both pots 
and warm it to about 70° , pour half into one pot and half into 
the other Close the stop-cock and watch the thermometer as 
the water cools The column on the same side as the 
blackened pot gradually nses, showing that this cools more 
rapidly than the bright one. Thus we have again proved that 
a lamp-black surface radiates out more heat than a surface of 
bnght tin-plate at the same temperature. 

Just as the surface of the earth is a better absorber than the 
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surface of the sea, so it is a better radiator Both, during the 
night, lose heat b) radiation into space. But the earth cools 
more rapidly than the sea does and, of the vanous bodies on 
the surface of the earth, those which are the best radiators will 
suffer the greatest loss of heat This is one reason why dew is 
found to be more copiously deposited upon grass and plants 
than upon stones and metal surfaces (Art 95 ) 

92. Diathermancy or Transmissive Power — Bodies 
which easily allow heat radiation to pass through them are said 
to be diathermanous Among solids rock-salt is the best 
example of such a substance. Our atmosphere is fairly dia- 
thermanous , but watcr-\-apour is not so The presence of 
moisture m the atmosphere hinders the radiation of heat, and 
hence the loss of heat bj radiation during the night is more 
marked in dry climates than in places where the air is moist 

Although diathermancy to heat-radiation corresponds to 
transparency to light, it by no means follows that bodies trans- 
parent to light are also diathermanous or transparent to hcat- 
radiation Thus alum is transparent to light, but is opaque to 
heat radiation The same is true for water, so that a cell 
containing water may be used for cutting off heat w>hile it lets 
the light through 

If lodme be dissol\-ed in carbon bisulphide a reddish blach solution is 
obtained which (except in thin layers) is opaque to light. Yet this solution 
readily transmits heat radiation and a flash filled wath it may be used for 
concentrating heat just as a glass lens or a flash filled with water may be 
used for focussing light 

The behaviour of glass is peculiar It stops the radiation from a red- 
hot ball or from a fire , a fact which is sufficiently illustrated by the use of 
glass fire screens. But if the source of heat be at a higher temperature 
(e^ the sun), a considerable fraction of the radiation from it is trans- 
mitted through a sheet of glass If you put your hand on the inner ledge 
of a window through which the sun is shining, you mat find the ledge 
quite warm, while the panes of glass are comp.aratu ely cooL The radia 
tion passes through the glass but is absorbed by the ledge 

The explanation is that not only the quantity but also the qualify of the 
radiation from any source depends ujran the temperature of the source B\ 
saying this we do not mean to assert that there arc different kinds of heat 
but there are different kinds of heat radiation On these the glass exercises 
a selective absorption stopping some of them while it lets others through 
Thus It IS opaque to the radiation from a source at a comparatively low 
temperature, whereas it transmits a considerable fraction of the radiation 
from a source at a high temperature. 
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Examples on Chapters X-XII 

1 Explain the use of the wire gauze surrounding tlie flame in the 
Da\'j lamp used in coal mines 

2 Descnbe how the heating of buildings, (a) bj hot-ivater pipies (#) 
by steam depends on convection and conduction of heat, specific heat, 
and latent heat 

3 Should a kettle intended to be heated bv standing in front of a fire 
be bnght or black? State fully the reasons for jour ans\\er 

4. 'WTiat are the difierences in the behaviour of rock-salt, alum, and 
glass towards radiant heat ? Would a rock-salt fire-screen pixue eflicient ? 

5. Describe and explain the difference between the climates of an island 
and of a part of a continent m the same latitude. 

6 The mean tempierature of water in a vessel rises quicklj or slowl> 
according as it is wanned from the bottom or the top Rxplain this with 
the aid of a diagram 

7 A layer of oil 6 inches deep floats on water of the same depth. 
Descnbe the mo\ements of the liqmds when the water is heated gently 
from below 

8 The bulb of a delicate thermometer is immersed at a slight deptli 
below the surface of water The uppier surface of the water is heated and 
the thermometer is hardlj affected On heating the water from below, the 
thermometer shows an immediate nse of temperature. E,xplain these tw c 
results. 



CHAPTER XIII 


WIND, DEW, RAIN, etc. 

93 Land- and Sea-Breezea — Winds are comection 
currents produced by the unequal heating of the vanous parts 
of the surface of our globe During the dav-time the earth is 
warmed by the sun’s rajs and imparts its heat to the air Ijung 
above it The sea has a lower absorbing power (Art 90) than 
the earth, and its speafic heat (p 46) is higher further, the 
eraporation from the surface tends to keep its temperature from 
nsing Thus the sea is cooler, dunng the daj-time, than the 
land, and we should expect the colder and heaxaer air from the 
sea to flow inward, displacing the warmer and lighter air over 
the land (Fig 65). 

This IS found to be the case near the sea-coast, especiallj 
on islands in tropical regions. In the morning a breeze from 
the sea spnngs up, increasing in strength towards the afternoon, 
and dying away at sunset. This is called the sea-breeze 




After sunset both land and sea are cooled bj radiation 
But the earth is a better radiator than the sea , it cools more 
rapidly , and so, durmg the night-time, the sea is wanner than 
v the land. The warmer air above it nses upwards, being 
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displaced by a colder current from the land (Fig 66 ) This 
IS the land-breeze which blows dunng the night and dies 
aivay towards morning 

94. The Trade Winds — Of greater importance than 
these local winds is the great system of Trade Winds which 
blow all the year round over a belt extending about 30 ° on 
both sides of the equator North of the equator the Trade is 
a NE i\ind (j e blows from the north-east), south of tlie 
equator it is a S E wind 

The Trade Winds are due to the intense heat of the sun in 
equatonal regions The warmer and lighter air ascends and 



Fig 67 

Its place is taken by currents of air floiving in from colder 
latitudes both N and S of the equator (see Fig 67 ) If this 
were all, we should expect to find m the northern hemisphere 
a Trade Wind bloiving directly from the north, and in the 
southern hemisphere directly from the south. This would be 
the case if our earth were at rest But it must be remembered 
that the earth rotates from west to east, and this easUv'ard 
velocity increases as we pass from the poles to the equator A 
mass of air moving in the nothem hemisphere from north to 
south only slowly acquires this motion towards the east it is 
constantly moving southw'ards into regions which have a greater 
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easterly velocity than itself Hence it appears to be blowing 
towards the south-west , te it is a N E wnd. 

Similarly the Trade Wind in the southern hemisphere does 
not blow directly from the south but is a S E wnd 

96 Dew — On clear, cloudless nights the earth is cooled 
by radiation into space. The air in contact ivath it is also 
chilled, and if its temperature falls beloiv the dew-point (Art 
63 ), a portion of the water- vapour present is deposited in the 
form of dew 

The deposition of dew is most copious on calm, clear mghts 
Clouds lessen the cooling effect of radiation , they reflect back 
the heat to the earth, so that its temperature does not fall as 
much on a cloudy night as when the sky is clear Wind 
hinders the formation of dew, because it continually bnngs fresh 
portions of air into contact wath the earth without allowang 
them to remain near it long enough to be cooled to the dew- 
point 

Again, dew is most copiously deposited upon substances 
which good radiators, and which have a clear view of the 
sky The substances on which dew is most readily formed are 
such as grass, plants, wool, and wood these are good 
radiators and bad conductors of heat, so that they quickly cool 
on clear nights Very little dew falls upon stones, slates, and 
metal surfaces for although they may be fairly good radiators 
they are also good conductors , thus the loss of heat from the 
surface is made up for b) conduction of Jieat from the intenor 
or from the earth. 

When the temperature of the air falls dunng the night 
below 0 ° the w'ater-vapour present is deposited m the sohd 
crystalline form as hoar-frost 

06 Olouds, etc — Clouds consist of small particles of 
water produced by the condensation of the water- vapour 
contained in the air Fogs and mists are simply clouds formed 
close to the surface of the earth. 

Water-vapour itself is transparent and invisible like air If 
you boil water m a kettle wath a tightly fitting hd and w’atch 
the steam coming out of the spout, you wall see that there is a 
clear space for an inch or so in front of tlie spout This dear 
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space consists of invisible steam the white doud beyond is 
not steam at all but consists of small partides of liquid w ater 
The steam is condensed partly by coming m contact w’lth the 
colder atmosphere and partly by the coohng effect due to its 
own expansion. The steam inside the kettle is under a 
somewhat greater pressure than that of the atmosphere , and 
when It gets outside it expands Now', whenever steam or air 
expands it does work as truly as if it were expanding in the 
cylinder of a steam-engine or air-engine and, as a supply of 
heat IS thereby taken from it (corresponding to the w ork done). 
It IS cooled by its own expansion 

Expt 7 1 — On the plate of an air-pump place a w ell-fitting 
bell-jar and work the pump rapidly After about half a dozen 
strokes the air inside the bell-jar generally becomes misty 
By the rapid exhaustion (and expansion) the air is cooled, and, 
if the temperature falls below the dew-point, some of the water- 
vapour in It IS condensed in the form of small liquid particles 
which form the mist There is usually enough w'ater-vapour 
present in the air to show this effect 

97 Ram, etc — The particles of water forming a cloud 
tend to coalesce into larger drops, and, if these increase in size 
owing to further condensation, they presently fall as ram 

Snow IS produced when the temperature of the air falls 
below o°, and under the 
microscope is seen to 
consist of small hexagonal 
crystals (Fig 68) 

The causes that favour 
the faU of ram are similar 
to those by which clouds 
are formed, viz. the cool- 
ing of warm, moist air (i) 
by coming in contact w ith 
colder air or cold land, 
and ( 2 ) by its own ex- 
pansion This latter cause 
comes into play whenever 
ivaim air nses upwards as a convection-current, or when it 
IS forced to ascend, as m passing o\ er a range of hills , for as 
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the air nscs it gets into regions where the pressure is less 
(Arts 29 and 51), and therefore it expands. 

In our owai island the rainfall is heaviest on the western 
coasts, for the S W wnds, ha%Mng passed over the wrm waters 
of the Gulf Stream, arc themselves warm and moist when 
they come m contact with the land, and especially when thev 
liavc to pass oier mountain ranges, they become cooled and 
deposit their moisture as ram 

Rainfall is measured by means of an mstniment called a 
rain-gaugro (Fig 6g) This consists of a funnel for collect- 
ing the ram and a graduated \cssel for measunng its volume 
This volume, duidcd by the area of the funnel, gi\cs the depth 
of the lajcr of water which would be produced if all the rain 
remained on the surface of the ground 

In Great Bntain the a\cmgc annual rainfall is somewhat 
under 30 inches The dnest district is Lincolnshire, where 
the rainfall is only about 20 inches The rainfall is heaviest 
in the Lake Distnet, the wettest place being the Stye m Bor 
row dale (Cumberland), where the rainfall is about 175 inches 
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ANSWERS TO EXAMPLES 


chapter II (p 13) 

1 7 °r, c 2. IS°C , 4o°C, 85”C, 95“C 3i94°F, 

176” F , 86° F , 23° F 4 . -37° 3 F , 674° 6 F 6 11° i 
C , 166° 6 C 6 37° 8 C , -40° C , -17° 8 C , 36° 7 C 

Y 36° 9 C , -40° 

Chapter III (p 21) 

3 40 048 ft. 4 . I 224 ft 6 22 128 cm 62 0068 m , 
150° Y 00432111 8 I 0019 cubic decimetre or 1001 9 c c. 

Chapter IV (p 26) 

1 000002797 2 0000302 3 00001561 4 131° 7 

Y 100 24 cc. 


Chapter V (p 36) 

4 320 cc 6 273° 6 91° Y 12 38 litres, 13 2 litres 

8 o 0036 9 546° 10 o 9462 gm. IL Reduced to tivo- 

thirds 12 75 cc, 0° C 13 333° 14 Volume remains 
unaltered 15 3832 c.c 16 115 5 cub m lY 

18 46 atmospheres 19 0000016 


Chapter VI (p 46) 

1 . 76,800 units 2 1995 units 831 4 o 2 6 



112 


HEAT 


ANSW'EKS 


88° I 6 90° 9 7 17° 0 0 112 10 853° 11 Equal 

12 0096 13 o 1006 14 . 


Chapter VII (p 54) 

2 . 1250 gin 3 80 4 . 32 lbs 5 80 6 o 09 8. 
Ice IS melted and the uater raised to 20° O o 1144 10 
1 lb 11 1737 pound degrees-C 12 . 176 5 gm 13 The 
temperature will fall to 41° 74 16 9° 09 


Chapter VIII (p 70) 

4 . 31,200 units 6 21,480 units 7 8040 pound-degreea 
8 6 29 lbs 9 536 3 10 37 3 gm. 13 12 58 gm 
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INTRODUCTION— SHADOWS, etc 

1 . Radiation of Liglit — Let us consider what haj^ens 
when a body is gradually heated in a dark room. We may 
suppose the body to be the iron ball used in Ch xii (Heat) , 
or an iron wnre made gradually hotter by passing an electnc 
current along it 

At first, all that we are able to say is that, as the tempera- 
ture increases, the amount of heat-radiation increases But when 
the temperature reaches about 500° — the temperature known! 
as ‘ a dull-red h^ t ’ — we begin to be aware of something else j 
The body becomes visible. In addition to the radiation which 
produces in our bodies the sensation of warmth, it now 
radiates out light which produces in our eyes the sensation of 
vision 

The colour of the light emitted is red. As the temperature 
increases the light becomes stronger and brighter there is an 
increase in the amount of light radiated. At the same time 
the hght becomes whiter — there is a change in the colour of 
the hght radiated. 

2 . Definitions — A body from which light proceeds is 
said to be luminous If it emits the hght of itself, it is said to 
be self-luminous. This is the case ivith bodies which arc 
heated to a high temperature by their own combustion or 
otherwise. The sun is a self-luminous body , so also are 
candle-flames and gas-flames The moon is not a self-luminous 
bod) , It simply reflects to our earth the light of the sun, just 
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as sunlight is reflected by the surface of the sea or b> a 
looking-glass. 

Any substance through which light passes may be called a 
inedtum If a medium possesses the same properties at all 
points and in all directions, it is called a komogetieotis medtuvi 
Air, water, and glass are examples of homogeneous media. 

A body through which objects can be seen distinctly (sucli 
as a sheet of glass) is said to be transparent A body which 
allows light to pass through it, but through which objects 
cannot be seen distinctly, is said to be translucent Thin 
paper, china, and ground glass are translucent A body which 
does not allow light to pass through it at all is said to be 
opaque 

In general, when light falls upon any body, three things 
happen — 

! i) a portion of the light is reflected. 

2) a portion is transmitted. 

3) the rest is absorbed. 

The surfaces of quicksilver and polished metals may be 
taken as typical instances of good reflectors Air, water, and 
glass are good examples of transparent media , they transmit 
light with very little loss by absorphon. Dull-black surfaces, 
such as those of velvet and lamp-black, are typical examples of 
good absorbers 

8 Good Absorbers are Good Badiators. — The following experi- 
ments show that the relation which we found to exist between absorbing 
and radiating powers for heat (p 103) also holds good for light 

Exit i — Heat to redness in a crucible furnace a piece of earthen 
ware having a strongly marked pattern The simplest plan is to choose a 
plate having a well marked black or dark blue pattern on 1 white ground, 
and to break this up into pieces which can be put into the crucible. The 
expenment must be performed in a darkened room 

With the aid of crucible tongs withdraw one of the pieces quickly and 
examine it before it cools It exhibits a reN-ersed pattern TTius if the 
pattern of the (cold) plate seen in daylight be as m Fig i (dark on a 
white ground), tlie pattern of the red hot plate will be as in Fig 2 (bright 
on a dark ground) The dark part — the good absorber — is also the good 
radiator 

Vary the expenment by making a chalk mark on an old poker heat 
this in a fire and examine it m the dark 







EXPT 2 Mark a broad cross with ink on a piece of platinum -foil, 

and heat the foil in the flame of a Bunsen burner in a darkened room 
(The ink used should not be anihne ink but common black ink made m ith 


Reversal of Pattern 



Fig I (Cold) Fig 2 (Hot) 


copperas, which leaves a deposit of oxide of iron on the foiL) The face 
of the foil exhibits a bright cross on a dark ground. This shows that the 
iron oxide emits more light than the pohshed platmum 

\Noie — In the experiments to \e described in this and the following 
chapters we shall sometimes use thh sun as our source of hght, the sun- 
light being admitted through a hole in the window-shutter of a darkened 
room , at other times the flame of a candle, lamp, or gas-burner, m which 
the light is produced b) the bumin^f combustible bodies In performing 
many e.\penments in hght an opti^^ laptem-i.s .indispensable, especially 
when a powerful light is required to'fiSowmg an expienment to a numb^ 
of persons As a ‘ radiant ‘ or sdurci of hght for lantern work an Argand 
gas-burner or a speciallj-consmctea form of oil lamp may be used , but 
the lime-hght is at once more phwerful and more convenient A full 
descnption of the lantern and the^methods of working with it would be 
out of place here junior students kre not likely to use it exceptmg under 
the direction of a teacher Tjhe de^ls of lantern manipulation are fully 
descnbed in Mr Lew is Wnght s Ijtght ] 

l\ 

4. Bectilmear Propagation of Light — Examine a 
beam of light as it passesyfeough a darkened room when the 
sun IS allowed to shine through a small round hole in the 
window-shutter You can. track its path as it passes through 
the room it forms a divergent or conical beam Stnctly 
speaking, it is not the beam of light that you see. Light itself 
is not visible, and if there were nothing present to reflect the 
light to your eye you would not see the beam at all But the 
air always contains fine particles of dust floating about m it 
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These reflect the light to your eye and so enable you to follow 
the path of the beam 

Hold a sheet of paper m the path of the beam and at nght 
angles to it you see a bnght round patch of light on the 
paper This is an image of the sun Its size increases as you 
move the paper farther away from the hole. 

Everywhere the path of the light is straight it does not 
bend round anywhere Suppose straight lines to be drawn 
from the hole to all points on the circle of light which is throwai 
on the paper , the light travels along these lines We may thus 
imagine the beam of light to consist of a pencil of rays, each 
ray being a straight line along which the light travels 

If you wish to test the matter further, you may take three 
cards and make a pin-hole m each Pin the cards on w ooden 
blocks, so that the holes are all at the same height and m a 
straight line Place a candle m front of the first hole and 
look through the third As long as the holes are in a straight 
line you can see the light shining through , but the light dis- 
appears as soon as any one of the cards is moved aside 

We shall find later on that a beam of light zr bent w-hen it 
passes from one medium to another from air to w'ater or 
glass), but so long as we keep to the same homogeneous 
medium we may say that travels in straight lines 


6 IinELges produced by Small Apertures — The 
round patch of light referred to m the last article is an in\ cited 
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to pass into the room through 
a white screen placed behind 
mverted images are produced 


image of the sun If 
there are brightly 
illuminated objects 
{eg houses in full 
r sun -light) outside 
the dark room, in- 
verted images of 
them may be pro 
duced in the same 
way by allow ing 
the light from them 
a small hole and on to 
Tig 3 shows how these 
Light IS emitted m all 
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directions from every point of the bright object O Of this, 
only a small pencil passes through the aperture A. This 
pencil produces upon the screen a small patch of light which 
is the image of the corresponding point of the object Thus 
in the figure pencils of light pass in the direction of the dotted 
lines from the head and tail of the arrow and produce images 
at points on the screen From points intermediate between 
the head and tail of O pencils of light proceed which produce 
images at corresponding intermediate points on the screen 
Thus a complete image I is formed. It is also clear that 
whereas O is an arrow with its head down, I is an arrow with 
its head up The image is an inverted one Its size is 
directly proportional to the distance of the screen from the 
aperture In the figure it is about the same size as the 
object If the screen is brought nearer to the aperture 
the image becomes smaller , and if the screen is moved farther 
off It becomes larger The images thus produced exhibit the 
natural colours of the objects, but are very faint, because the 
amount of light that can pass through a small hole is itself 
smalL By making the hole larger a brighter image can be 
obtained, but it becomes blurred and indistinct at the same 
time 

Expt 3 — Remove the condensing lenses of a lantern and cover the 
front iwth a tm-foil cap Make a pin-hole m this and place a paper screen 
in front A faint image of the gas-flame (or other radiant in the lantern) 
IS formed on the screen Make other pin-holes near the first , each one 
produces a fresh image but the images soon o\ erlap and become confused 
The same effect is produced by making one large hole. 

Expt 4 — Make tiio tubes (A and B, Fig 4) by wrappmg pasted 
paper round a wooden cylinder 
Blacken the insides with lamp- 
black varnish (p 99) or line mth 
black paper One tube should 
slide within the other Cover the 
end of the tube A with tin foil 
and make a pm-hole in the 
middle of the foil Cover the end of the other with tissue-paper 
You have now a ‘ pm-hole camera,’ which you can point towards a flame 
or bnght object The image can be seen by looking at the tissue-paper 
(n) It becomes larger and fainter as the tube B is drawn out 

Expt 5 — For class demonstration the following is a good way of 
showmg images produced by small apertures Punch a clean hole (about 
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2 mtn diameter) in a large sheet of tin-plate or card board and clamp this 
m a vertical position On one side of it place a white screen and on the 
other side three candles arranged thus — It is then easily seen that 
the images occupy this relaute position and that the distance between 
increases as the screen is moved aw ay from the hole. 

6 Shadows and Eclipses — The formation of shadow s 
IS a direct consequence of the propagation of light in straight 
lines 

When the source of light is a single bright point (S, Fig 5) 
the form of the shadow thrown bv any opaque object K is 



Fig 5 —Shadow Cose. 


easily seen For the cone of light which proceeds from S to 
K IS stopped by the latter, and the portion of this diverging 
cone which lies on the farther side of K is all in shadow 
Sharp, well-defined shadows of this land are throwai bj electnc 
lights (arc lights)i 

But when the source of light is of considerable size there is 


m 



n 

Fig 6 — Umbral and Pcaumbral Coses 


produced, in addition to this total shadow or umbra, a half 
shadow or partial shadow called the penumbra. Suppose 
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A (Fig 6) to represent the globe of a lamp and B an opaque 
obstacle, such as a ball or orange. Then it \vill be seen from 
the figure that the black cone is completely m shadow and 
receives no light from any part of A , this may be called the 
wnbral cone The shaded cone which diverges from a point 
between A and B is only partly in shadow, and may be called 
the -penumbral cone Every point in it receives light from some 
portion of the illuminating surface A, When a screen is placed 
behind B the shadow thrown upon it consists of a central 
umbra surrounded by a jienumbra. The size of the latter 
increases as the screen is moved farther away 
from B , when the screen is in the position 
mn the shadow appears somewhat as shown 
in Fig 7 The penumbra, however, is not 
of uniform depth all over Its edge is not 
sharply defined it gradually deepens from 
the outside inwards until it merges into the 
complete shadow of the umbra 

Fig 6 also illustrates the way in which eclipses of the sun 
are produced ivhen the moon comes between it and our earth 
Suppose A to represent the sun, B the moon, and the screen 
mn a portion of the earth’s surface. Within the umbral 
cone no part of the sun is visible , therefore to an obseiwer 
stationed on any part of the earth within the umbra the sun wrll 
appear totally eclipsed Within the penumbra a part of the sun 
IS Msible and the rest invisible, so that an observer stationed 
anywhere wnthm the penumbra wall see the sun partially 
eclipsed 

Evpt 6 — The student should examine for himself the different 
kinds of shadows aboie descnbed For sharp shadows produced b} 
luminous points use a lantern remote the condensers and fit on a cap 
in which a small round hole has been pierced Or since the breadth of 
the penumbra increases wath the distance from the object, any fairly small 
source of light (candle) tvill cast a sharp shadow on a screen placed near 
It Farther off the shadow shows a penumbra 

Hold a pencil upnght between a flat fish tail burner and a wall 
Examine the shadow WTien the flame is ‘ edge on the shadow is sharp 
and w ell-defined When the flame is ‘ broadside on the shadow is lU 
defined (penumbra) In the first case the source of hght is narrow, m 
the second case broad 

Examine the shadow of an orange or ball thrown on a paper screen by 
a lamp with a round ground-gloss globe. Pnck holes through the paper 
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m various parts of the umbra and penumbra and look through them 
towards the lamp Compare what you sec wnth Fig 6 

The penumbral cone is always divergent, as in the above figure The 
umbral cone is also divergent when the object is larger than the source of 
light. It is convergent m Fig 6 because B is smaller than A When the 
source and the object are of the same size the umbral cone becomes a 
cylinder and the umbra is of the same size throughout. 


E\ampi es o\ CiiArrER I 

1 Explain exactly how a small hole is able to produce an image of an 
object on a screen What will be the effect of enlarging the hole? 

2 If an image produced b) a pin-hole camera is half the size of the 
object, what are their rclativa: distances from the hole? Why does tlie 
image bveome fainter ns it becomes larger? 

3 By means of a small hole in the window-shutter of a darkened room 
an image of a house 30 ft away is thrown on a screen 6 in from the hole 
The image is 9 in high how high is the house ’ 

4 If you hold a hair in sunlight close to a sheet of paper > ou can see 
the shadow of the hair on the paper but if you hold the hair a couple of 
inches away from the paper you can scarcely sec any trace of a shadow 
How do you explain this? 

5 When has an umbra a limited length? Under what conditions is 
the transverse section of the umbra cast by a body larger than tlie body 
Itself? 

6 A circular uniform source of light 2 inches in diameter, is placed at 
a distance of 10 feet from a sphere 2 inches in diameter Calculate 
approximately, the diameters of the umbra and penumbra cast on a screen 
5 feet beyond the sphere. 

7 A penny held broadside to a candle is gradually moved further from 
the candle and nearer to the wall of a room What changes will take 
place m the shadow cast by the penny on tlie wall ? Give reasons for your 
answer 

8 Half way between a flat gas flame and a wall, and parallel to the 
wall, IS placed apiece of cardboard, which has a square hole cutout in it, the 
breadth of the hole being half the greatest breadth of the flame. Desenbe 
and illustrate by a diagram how the illumination of the wall through the 
hole differs according as the greatest breadth of ihe flame is parallel or 
perpendicular to the wall 


CHAPTER n 

PHOTOMETRY 

7 Hlnininating Power and Intensity of Ulnimna- 
tion — It IS evident that different sources of hght give out 
different amounts of hght An ordinary gas-jet, for example, 
gives out ten or fifteen times as much hght as a candle. This 
IS expressed by saying that its illuxnvnatmg power is ten or 
fifteen times as great as that of the candle. In this countr)- 
the standard of illuminating poii er is the amount of hght given 
out by a candle of a certain weight bummg at a certain rate.^ 
\Vhen lie speak of a gas-flame as being of ten candle-power 
fio CP) we mean that it gives out as much hght as ten 
standard candles 

If such a flame were placed at a distance of a foot from 
a screen, it would throw' upon the screen ten times as much 
light as a standard candle would when placed at the same 
distance If the gas-flame were moved farther away, it would 
illuminate the screen less bnghtly At a distance of four feet, 
for example, it would throw less hght upon the screen than a 
candle would at a distance of one foot We must, therefore, 
distinguish carefully between the illuminating power of a 
source of hght and the intensity of illumination which it 
produces 

The mteriBity of illummation produced by a given 
source of light on a given surface is the quantity of hght 
received per unit of that surface. This clearly depends upon 
two things — 

(i) Upon the illuminating power of the source, being 

^ * Sperm candles of six to tic pound, each burning 120 grams per hour' 
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directly proportional to this , hence the intensities of illumina- 
tion produced by different sources at the saine distance are 
proportional to their illuminating powers 

(2) Upon the distance of the surface from the source of light 

8 Law of Inverse Squares — It is e\adcnt that the 
intensity of illumination diminishes when the distance increases 
IBut It would not be correct to say that the intensit> decreases 
as the distance increases {z c m the same proportion) For 
example, when the distance is doubled the intensitj is reduced, 
not to one-half, but to one-fourth. This may be shown both 
by ex'penment and calculation 

E\PT 7 — Make a small square frame of w ire and fix it, as 
at O in Fig 8, half-way between a candle and the wall of a 



Fig 8 — Law of ImERsn Sqoarbs 

darkened room It throws a square shadow upon the wall 
Cut a piece of paper to the size of this shadow (S) and fold it 
across and across as showai by die lines The folded sheet 
just fits the frame O S is dixaded into four squares each 
equal to O , its area is four times tliat of O 

If O were an opaque obstacle, it would block out all the 
light from the space S The same amount of light which falls 
upon O IS at hvzce the distance spread out over S, which has 
fotn times the area Clearly then the intensity of illumination 
(or amount of light per unit surface) at S is only one-fottrth of 
that at O 

Again, if O w ere placed at one third of the distance from 
the candle to the wall, the area of S would be nine times that 
of O (S being three times as large each way) In this case S 
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would be three times as far off from L as O is, and the intensity 
of Its illumination would be one-ninth of that at O 

Similarly, if O were placed at one-quarter the distance from 
L to S, the illumination at S would be one-sixteenth of that 
at O 

All this depends upon the fact that light travels m straight 
lines , from which it follows that the areas of perpendicular 
sections of the beam at different distances are proportional to 
the squares of these distances 

Now obsen^e that - = 4 ;, - = — . , A = — 

4 2- ’ 9 3- ’ 16 4- 

We may therefore express the result according to the follow- 
ing law of inverse squares — 

The intensity of the illumination produced by a source of 
light IS inversely propoiiional to the square of the distance from 
the source 

Q The Shadow Photometer (Rumford’s) — Photo- 
metry deals with the comparison and measurement of the 
illuminating powers of different sources of light One of the 
simplest methods of doing this is by means of the shadow photo- 
meter introduced by Count Rumford In the folloivmg expen- 
ment we shall describe how to use the shadow photometer for 
companng the illuminating powers of a lamp and a candla 
If the candle used be a standard candle (p 1 23), our expenment 
unll enable us to measure the ‘ candle-power ’ of the lamp 

Expt 8 — Place a vertical rod (a ruler, or the rod of a 
retort-stand) in front of a white screen Begin by putting the 
candle and lamp side by side, about a foot in front of the rod 
Two shadows of the rod are thrown on the screen, one by the 
candle and one by the lamp, and it is evident that the latter 
IS much the darker of the two What does this mean 7 Re- 
member that you have now two sources of light illuminating 
the screen The part of the screen on ivhich the candle- 
shadow falls receives no light from the candle, but it does 
receive light from the lamp Similarly, the part of the screen 
on which the lamp -shadow falls receives no light from the 
lamp, but It does receive light from the candle Since the 
former shadow is not so dark as the latter, and both sources 
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of light are at the same distance, we conclude that the lamp 
gives out more light than the candle. 

Now move the lamp farther away, until the shadows appear 
of the same depth The lamp should be placed m such a 
position that the two shadows are formed side by side, as in 
Fig 9, so that you can easily compare their intensities 

Measure off with a foot-rule or metre-scale the distances 
from the screen to the candle and from the screen to the lamp 
We shall suppose these to be i ft. and 2 ft. respecti\el\ 



Fig 9 —Shadow Photoiietek 


when the shadows are of equal depth Then it follows that 
the lUuminaUng power of the lamp is to that of the candle as 
(2)2 is to I, or as 4 is to i 

For if we denote by P the illuminating power of the lamp, 
then, as explained m the preceding article, the intensity of the 
illumination which it produces at a distance of 2 ft is pro- 


P P 

portional to -r-r, or — 
(=)- 4 


In the same way the intensit> of the 
illuminabon produced by the candle (whose illuminating pow’er 


IS i) at a distance of i ft. is — or i Since these are 

(0 

equal (the shadows being equally illuminated) we ha\e 


P 

— = I, orP = 4 
4 

Hence the lamp is of four candle-power 

Or you may look at it m this way In their present positions 
the candle and lamp illuminate the screen with equal mtensitj 
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If you were to move the lamp to where the candle is, }ou 
would be diminishing its distance from the screen from 2 ft. 
to I ft. This would increase the intensity of the illumination 
on the screen due to it in the proportion of to 2^, or i to 4. 
Thus the intensity of the illumination due to the lamp is four 
times as great as that due to a candle at the same distance , 
in other words, the lamp gives out as much light as four 
candles 

In connection mth shadow photometers remember these 
two pomts — 

(1) Although you make the companson by judging of the 
comparative depths of tw'o shadows, you are really companng 
the intensities of illumination on two adjacent portions of the 
screen and adjusting these to equalitj 

(2) The illuminating powers of the two sources of hght are 
direcily proportional to the squares of their distances from the 
screen If the distances had been i ft. and 3 ft. (instead of 
I ft. and 2 ft.), the illuminating powers would have been as 
I to 9, and so on This also holds good for the photometer 
descnbed in the next article [Compare this statement care- 
ftilly with Art 8 ] 

10 The Bunsen Photometer — If you make a grease- 
spot on a sheet of paper and hold it up betw een you and the 
light, the spot appears bnghtcr than the rest of the paper 
Greasing the paper makes it more transparent and so more 
light gets through the part that has been greased But if you 
stand with your back to the hght and hold the sheet so iat 
the light falls on it, the grease-spot appears darker than the 
rest of the sheet. The reason is obvious. The hght that now 
reaches your eye from the sheet is reflected light. But, since 
the grease-spot lets through more hght than the rest of the 
paper does, it cannot reflect as much light to your eye, hence 
It appears darker by contrast. A form of photometer depending 
upon these pnnaples was introduced by Bunsen. It is sunple 
m construction, and is in everj-^day use for the purpose of 
testing the illummating power of coal-gas, etc. 

Expt 9 — To make and use a Bunsen photometer — Drop 
^ some melted wax from a paraffin candle on a piece of stoutish 
white paper (unglazed) Remo\ e the excess with a knife when 
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It has solidified Press a hot flat-iron or spatula on the paper, 
so as to melt the wax ell into it The spot should be about 
the size of a halfpenny Mount the paper 
disc as flat as possible in a suitable frame 
(Fig lo) 

Draw a long straight ihalk-linc (or 
stretch a stnp of paper) on a table, and 
on this mark a scale of centimetres or 
inches At one end of the scale place the 
candle, and at the other end the lamp 
which is to be compared with it, blocking 
the one or the other up until the flames 
F.e io—bTnsen Disc, ^re at the same height. Bet^veen them 
place the disc with the grease-spot at the 
same height as the tn o flames Looked at from the side facing 
the lamp, the grease-spot appears darker than the rest of the 
disc Looked at from the side facing the candle, it appears 
bnghter , this is the appearance which it always presents 
when the back of tlie disc is more bnehtly illuminated than 
the front 

Now move the candle up towards the disc at a certain 
point the bnght spot m the centre disappears, or verj' nearly 
so It reappears as a dark spot if you overshoot the mark 
Adjust the position of the candle so that the spot is as nearly 
as possible invisible on both sides of the disc When this is 
the case the disc is equall> illuminated on both sides The 
grease-spot appears neither darker nor bnghter than the rest 
of the disc, because the amount of light that is lost by passing 
through It IS exactly made up for by the transmission of an 
equal amount of light from the opposite side 

Measure off the distances from the disc to the candle and 
the lamp Their illuminating pow ers ate directly proportional to 
the squares of these distances (see Art 9) Suppose the distances 
to be II in and 5 5 in These are as i to 5 Their squares 
are as i to 25 The lamp is, therefore, of 25 candle-power 


Expt 10 — To verify the law of inverse squares — Place 
four candles in a row across the line drawn on the table, facing 
the Bunsen disc, and 2 or 3 ft from it On the other side of 
the disc place a single candle from the same batch Adjust 
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the position of the single candle or the disc until the latter is 
equally illuminated on both sides (z e until the grease-spot 
disappears) When this is the case it ivill be found that the 
row of four candles is twice as far from the disc as the single 
candle is ^Vhat conclusion do you draw from this ^ 

11 Note on Optical Benches, etc — In working with the Bunsen 
photometer, as well as in many other optical expemnents (eg in finding 
focal lengths of mirrors and lenses), it is convenient to have the t'anous 
pieces of apparatus (candles, screens, etc ) mounted on suitable holders 
which slide on a graduated bar Such 
an arrangement is called an optical 
bench A short portion of a simple 
form of wooden bench is shown m 
Fig II, together with one of the sliding 
pieces Each of these is furnished with 
an upnght socket consisting of a piece 
of brass tube about 5 m high and J 
in in diameter The mirrors lenses, 
etc., are mounted m wood or cork 
mounts, attached to iron rods which 
fit into the sockets , if these are pro 
vided with screws, the rods can be clampied at any com enfent height 
The bench should be about 6 ft long, and a strip of stout white 
paper should be carefully pasted along the side of it When this has 
dried thoroughly mark a graduated scale on it, the graduaUons coming 
nght up to the edges of the slides A centimetre scale is n\uch more con- 
venient than one in feet and inches. On the edge of each slide make a 
vertical mark, corresponding to the centre of its socket 

The measurements required may also be made by using a beam com- 
pass (Fig 12), or even by holding a graduated scale alongside the apparatus 
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But It IS a great convenience to have some form of opUcal bench, especially 
when pieces of apparatus have to be moved backwards and forwards and 
alivays kept in the same straight hne. 


Examples on Chapter II 

I A candle is placed at a distance of i ft from a cardboard screen, 
and a lamp of nine candle power is placed at a distance of 12 ft on the 
other side Compare the illumination on the two sides of the screen. 

K 
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The intensity of the illumination on the side facmg the candle is to 

that on the side facing the lamp as ,-4; to 7-^, or as i to 

(1)5 (laF 

-2- , t « as 144 to Q, or as 16 to i 

2 How near to the screen would the lamp m the last question have to 
be moved in order to reverse the proportion, » e to make the intensities of 
illumination as i to 16 ? 

3 A standard candle and a gas flame are placed 6 ft. apart, the gas- 
flame being of four candle-power Where would a Bunsen disc have to 
be placed between them so as to make the grease-spot disappear? 

Let X denote the distance of the disc from the candle , its distance 
from the gas flame will then be 6 - a: The grease spot disappears 
when the disc receives equal illumination from the candle and the 
lamp When this 13 the case we must have 

1 4 

, (6-xf 

or taking square roots, 

I a 
x~ b-x 
b-x^nx 

and jr=a 

The disc must therefore be placed a ft from the candle and 4 ft 
from the lamp 

4 What do you mean by the intensity of the illumination at a point 
and how would you show, experimentally, that it is inversely proportional 
to the square of the distance of the point from the source ? 

5 In testing a night-hght against a candle by means of a Rumford 
photometer it is found that the shadows are of equal depth when the 
night-hght IS 2 ft from the screen and the candle 3 ft. Compare their 
illuminating powers 

6 Two equal sources of light are placed on opposite sides of a disc 
one being 20 cm. from it and the other 30 cm. Compare the intensity of 
illumination on the two sides of the disc 

7 In measunng the illuminating power of a gas-flame by a Bunsen 
photometer, the distance from the gas flame to the grease-spot was g6 cm 
and from this to the standard candle 30 cm What was the candle-power 
of the gas flame ? 

8 A Carcel lamp of nine candle-power is placed at a distance of 4 ft 
from a standard candle find, as in Example 3, the position in which a 
screen must be placed between them so as to receive equal amounts of 
light from each 
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VELOCITY OF LIGHT 

12 When a gun at some distance from you is fired, you see 
the flash before you hear the report The sound takes an 
appreciable time to travel from the gun to you But how about 
the light ? Is the flash seen at the very same instant when it 
IS produced ? or does the light travel with a definite velocity ^ 
If It does, by what method can this velocity be measured ? 

Suppose a gun to be fired at regular intervals, say every 
hour An observer near at hand and provided with a delicate 
chronometer obsen’es the times at which the flashes are seen 
Now suppose the observer to more a very great distance off 
If the distance were great enough^ he would not now see the 
flashes exactly at the actual times of finng (/ e at the hour), but 
a short time afterwards , and by carefully measunng this 
time, knowing his distance from the gun, he would be able to 
calculate the speed with which light travels As a matter of 
fact, this speed is so great that it would be exceedingly difficult to 
detect any retardation within any practicable distance on our 
earth. Astronomers have to deal with immensely greater 
distances, and so it is not surpnsmg to find that the first 
observations on the velocity of light were made by astronomical 
methods 

13 Hbmer’e Method. — ^The first estimate of the velocity 
of light rvas made about the year 1675 by a Danish astronomer 
named Romer It happens that one of Jupiter’s satellites (or 
moons) passes into the shadow of the planet at regular 
intervals (48^ hours), and is thus eclipsed VTiile the earth 
IS in the neighbourhood of E, Fig 13 (z e nearest to Jupiter), 
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Its distance from Jupiter does not change rapidly, and the 
successive eclipses of the satellites are seen to occur at regular 
and equal intervals The same holds good when the earth is 



Fig 13. 

in the neighbourhood of E' (farthest from Jupiter) But 
between these two positions, as the earth moves from E to E', 
Its distance from the planet continually increases, and 
Rbraer obsen'ed that dunng this time the intervals betiveen 
successive eclipses were ahvays longer than the time mentioned 
An eclipse seen at E' is 16 minutes 26 seconds later than if it 
had been observed at E The difference is due to the time taken 
by the light m travelling from E to E', tx across the diameter 
of earth’s orbit This is a distance of about 184,000,000 
miles, and smce light traverses it in 986 seconds we 

conclude that its velocity is or about 186,600 miles 

per second Some idea of this may be obtained by con- 
sidering how long light would take to travel round our earth. 
The circumference of the earth is less than 25,000 miles 
Light would therefore travel round it seven and a half times in 
a second 

14 . Eizeau’s Method. — It might appear impossible to 
measure such an enormous velocity as this othenvise than by 
astronomical observations The skill of modem expenmenters 
has, however, proved equal to the task. The first expenmental 
method was devised by Fizeau, and depends upon &e follow- 
ing pnnaple. 

If a toothed wheel be made to revolve very rapidly about 
Its axis, the time taken by a single tooth or a single space m 
passmg a given point is extremely small For example, it is 
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easy to make it as small as the ten-thousandth part of a second , 
dunng which time light would only travel about 1 8^ miles Now 
suppose that a beam of light passes betiveen the tivo teeth of the 
mirror, parallel to its axis, and falls upon a distant mirror which 
reflects the beam back along its own path When the light gets 
back again to the w heel it may be able to pass through a space, 
or it may be blocked by one of the teeth , and which of these two 
things happens wall simply depend upon the distance of the 
mirror and the speed of rotation of the wheel 

Fizeau chose two stations 8633 metres apart At one of 
these was placed the toothed wheel iviv (Fig 14), and a bnght 
source of light , at the other the mirror m', which reflected the 
light back to the first station The source of light was not 



Fiff 14, — Fizeau s Method 

placed directly behind the wheel but to one side, at L, and the 
light from It was reflected to the distant mirror m' by means of 
a transparent mirror in (of unsilvered glass) inclined at an 
angle of 45° Thus an obsen’er looking through in towards 
the distant station would see a bnght star or point of light — the 
image of L produced by reflection in in' 

Now It was found that when the wheel w'as made to rotate 
at a certain speed this bnght star was eclipsed , and the 
speed of rotation at which this happened was such that the 

wheel only took ■ — y— of a second to move through the 

breadth of a tooth or space. Dunng this short time the light 
had travelled through one of the spaces at / to the distant mirror 
in' and back again, or through a distance of 2 x 8633, or 
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17,266 metres , and on its return us path was blocked by the 
next tooth From this we conclude that m one second light 
would travel a distance of 17,266x18,144 = 313,274,304 
metres ■\\Tien the nheel was made to rotate tmce as rapidlj 
the star reappeared, the light now passing through a space at 
/on Its way to ?«', and through the next space on its return 
journey 

Later expenments ha\e shown that Fizeau’s result was too 
high, and that the velocit)’’ of light is probably about 300 
million metres per second, or 186,400 miles per second 
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REFLECTION OF LIGHT— PLANE MIRRORS 

16 Eregnlar and Irregular Reflection — Light may be 
reflected from the surfaces of bodies either regularly or ir- 
regularly Light IS regularly reflected from smooth and regular 
surfaces, such as those of glass and polished metals , also from 
the surfaces of still water and mercury Irregular reflection is 
more common- Even surfaces which appear smooth (eg 
paper, cardboard, eta) are really full of small irregulanties 
consequently they diffuse the light that falls upon them, re- 
flecbng it irregularly in all directions 

Expt 1 1 — Take into a darkened room an ordinary mirror 
(looking-glass), a sheet of tin-plate, and sheets of white and 
black paper or cardboard- Admit a small beam of sunhght 
into the room (or use a heam from the lantern) Hold the 
mirror m the beam it reflects the beam m a definite 
direction and throws on the wall a distinct patch of light, 
nhich moves about as you move the mirror Try the tin- 
plate. The patch of light which it throws is not so bnght or 
distinct It is not such a good reflector The white paper 
does not give any distinct patch of hght , still it does in some 
way act as a reflector This you can show by plaang a white 
screen near the beam (but not m it) and holding the paper so 
as to throw the light on the screen. The screen becomes 
more or less uniformly lit up with diffused light. 

Nov, get some one to hold the mirror again in the beam, 
while you stand in a far part of the room and look at it If it 
is held so as to reflect the beam directly towards you, you see 
a glare of light, othermse you can scarcely see the mirror at all 
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(especially if the room is well darkened) The white paper, on 
the other hand, can be seen almost equally well from any part 
of the room it reflects the light m all directions, so that some 
always reaches your eye. The black paper again is almost 
invisible. This is because it absorbs all the light that falls on 
It, so that none is reflected to your eye, whereas m the case of 
the mirror it was because all the light ivas reflected in another 
direction 

16 Reflection from Plane Mirrors — When we speak 
of light as being reflected regularly, we mean that it is 
reflected according to some rule. We have now to find what 
this rule or law is 

Expt 1 2 — Cover the front of the lantern with a blackened 
cap m which has been cut a horizontal slit Allow a beam of 
light t from this to fall upon a mirror facing the lantern and 
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fitted up as shown in Fig 15 The mirror can be rotated 
about a honzontal axis. Attached to the mirror, and perpen- 
dicular to It, there is a light pointer which moves over a 
graduated arc fixed to a honzontal arm The angle through 
which the pointer moves (reckoned from the zero at the end 

1 A txsm of sunlight, reflected into the room from a mirror smtaMy placed outside, 
do equally well The room must, of course, be darkened. If a lantern is used^ 
the objective must be removed and the rays rendered parallel by placing the source 
of light at the principal focus of the condenser 
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of the honzontal arm) indicates the angle through which the 
mirror is moved out of the vertical The height of the lantern 
should be adjusted so that the honzontal beam falls on the 
axis of rotation of the mirror The path of the beam can be 
shown up more clearly by burning touch-paper ^ underneath 
(Art 4) 

Place the mirror vertically , the pointer stands at the o 
mark. The beam of light falls perpendicularly on the mirror 
and IS reflected back along its own i)ath 

Tilt the mirror up so that the pomter stands at (say) 2o° , 
the reflected beam makes an equal angle with it on the other 
side (r e stands at 40“) Try other angles Observe that 
whenever the mirror is rotated through any angle, the reflected 
beam moves through double the angle ^ and the pomter always 
bisects the angle between the incident and reflected beams 

17 Definitions — Laws of Befiection. — Suppose a ray 
of light IN (Fig 16) fallmg on a plane reflecting surface at 
N to be reflected along NR. The 
line NP, drawn perpendicular to the 
surface at the pomt of incidence N, is 
called the normal to the surface The 
angle INP, between the incident ray 
IN and the normal, is called the angle 
of incidence The angle PNR, be- 
tween the reflected ray and the normal, is called the angle 
of reflection 

Having defined these terms, ne may now state the laws of 
reflection as follows — 

I The reflected ray lies in the plane containing the in- 
adent ray and the normal, and on the opposite side of the 
normal 

II The angles of incidence and reflection are equal 

When a ray of light is incident normally on a mirror, the 

angles of incidence and of reflection are both zero, and the raj 
is reflected back along its own path 

In general, if you wish to find the path of the reflected ray, 
draw the normal at the point of incidence on the other side 

1 Touch paper 13 made b> soaking broira paper in a solution of saltpetre and then 
allowing It to dry 




LIGHT 


CH I\ 


132 


of the nonml draw i line makinj' with it an angle equal to 
the angle of incidence This is the direction of the reflected 
raj 

Fig 17 illustrates the nature of what w'as referred to in 
Art 15 as irregular reflection Fverj’ ra> in the parallel beam 
which falls upon the unpolished surface is really reflected 
according to the usual law but, as the vanous parts of the 

surface are inclined at 
different angles to the 
incident rays, the light 
IS reflected in all direc- 
tions, or scattered 

18 Experimental 
Verification — The 
apparatus illustrated in 
Fig 18 IS easily made, 
and by means of it 
the student can venfj 
with considerable ac- 
curacy the relation between the angles of incidence and 
reflection 

Expt 13 — Cut a semicircle of about i fu radius out of 
a wooden board or piece of stiff cardboard, and paste white 
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paper on it IVhen dry, mark off a semicircle on it, and 
divide It into degrees as in the figure. The movable arms 
MP and MT are strips of thin cardboard in which are cut 
V-shaped slits, the points of the V's lying just over the marks 
on the graduated circle On one of the arms is mounted a tube 
T made of black paper (or a glass tube bkackened on the 
inside), and a thread is stretched v ertically across this tube. 
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The other arm cames a pm P M is a mirror (2 mi by i la) 
fastened by sealing-wax to a stout pm which is dnven m, 
through the ends of the tw’o arms, at the centre of the semi- 
circle. The mirror must be adjusted so that it is vertical and 
faces the 0° mark. 

Place the arm P so that the end of the slit m it lies exactly 
o\er one of the degree marks Move the arm T until the 
image of the pm in the mirror can be seen through the tube 
just behind the thread. Read off the angles 

19 Measurement of Small Deflections — maj here refer to a 
\er> useful apphcation of the law of reflection in measunng small angles, 
e g m observing and measunng small deflecuons of a suspended magnet 
"ITie method consists in attaching a small mirror to the magnet, and 
allowing a beam of hght to fall normally upon this If now the magnet 
moves through any angle, the mirror moves with it, and the reflected beam 
moves ihrotigh double the angle 

This we have already proved m ExpL 12 It also follows from the 
law of reflection. For let st (Fig 19) be the position of the magnet at 
rest and oa a ray of hght failing nor- 
mally upon the mirror attached to it at 
a , m this position the ray of hght is 
reflected back along its own path If 
now the magnet moves through an angle 
V into the position jY, the normal to 
the mirror moves through the same 
angle into the jjosition ap The angle 
of mcidence is oap—V, and hence the 
angle of reflection must=V , thus the 
reflected ray travels along ax, making 
an angle aV with its original direcUon 
{ao) 

The reflected ray thus forms a long 
weightless pointer which rotates twice 
as fast as the mirror Its piosiUon is 
observed by allowing it to M upon a 
graduated scale mn and watching the 
motion of the spot of light. By placing 
the scale at a sufficient distance from 
the mirror, the motion of the latter may Fjg 19 

be magnified as much as w e please. 

20 Images in Plane Mirrors — Let A (Fig 20) be a 
luminous point and MM a plane mirror Rays of bght pro- 
ceed from A m all directions , some of these fall upon the 
mirror and are reflected by it Let AB be any one of these 
rays At B draw the normal BC , also draw BD, making the 
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angle DBG equal to the angle ABC Then by the law of 
reflection (Art. 17) BD is the reflected ray To an observer 

whose eye, is placed any- 
where along BD the light 
would appear to come from 
some point behind the 
mirror m the direction of 
DB produced From A 
draw a perpendicular to the 
mirror and produce it to 
meet DB produced at A' 
Now, since AA' and CB 
are parallel (both being per- 
pendicular to the mirror), 
the angles CBA and BAM 
are equal , and so also are 
the angles CBD and BA'M 
But the angles CBA and 
CBD are, by the law of reflection, equal , therefore the 
angle BAM is equal to the angle BA'M Thus m the 
tnangles AMB and A'MB the base is common, the angles at 
A and A' are equal, and the angles at M are nght angles 
Hence the two tnangles are equal, and the side A'M is equal 
to AM 

A' IS as far behind the mirror as A is m front of it Hence 
A' IS a fixed point. We have supposed AB to be any one of 
the rays falling on the mirror (and lying m the plane of the 
paper) Hence any other ray such as AB' mil also after 
reflection appear to come from the same point A' , it will be 
reflected along B'D', and the line D'B' produced backwards 
wll pass through A' 

All rays divergmg from A appear, after reflection m the 
mirror, to diverge from A' A' is called the image of A 
An observer looking at the mirror sees the image by means of 
a small penal of these divergent rays. The position of the 
image does not depend upon the position of the observer’s eye. 
It IS not necessary that the mirror should extend nght up to 
(or opposite) the object A , thus in the figure the portion BB' 
of the mirror alon6 is required m order that the observer may 
see the image A' 
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The reflected rays do not really proceed from A' but only 
appear to do so , A' is therefore called an apparent or mriiial 
linage 

\Ve have thus shomi that a penal of divergent rays falhng 
on a plane mirror remains divergent after reflection It ivill 
be a useful exercise for you to draw a diagram showng that 
a pencil of convergent rays remains convergent after reflection, 
also that a beam of parallel rays remains parallel after re- 
flection 

21* Stunmary and Definitions — The image of a foitit 
in a imrror is a corresponding point from which rays of light 
diverge {or appear to diverge') after reflection from the mirror 

If the rays of light after reflection from the mirror really 
diverge from the pointy it is called a real image, but if they 
only appear to diveige from the point, it is called a virtual image. 

The position of the image of a point in a plane mirror ts 
found by dravnng a perpendicular from the point to the mirror 
and producing it until its length is doubled 

22 We can now easily find by geometncal construction 
the position and size of the image of an extended object pro- 
duced in a plane mirror 

Let AB (Fig 21 ) be the object and MM' the mirror From 
A draw a perpendicular to the mirror and produce it until its 
length IS doubled. The point A' thus found is the image of 
A In the same way the image of B is formed at B', which is 
as far behind the mirror as B is in firont of it Similarly the 
images of points intermediate between A and B are formed at 
corresponding points between A' and B' Thus a complete 
image A'B' of AB is obtained. 

From every point on the object rays of light proceed towards 
the mirror and, after reflection, appear to come from the 
corresponding point of the image. In Fig 21 are shown the 
paths of the pencils of light by w'hich an obseiwer sees the 
extreme points of the image, ^^^len the observer's eye is in 
the position shown, the only part of the mirror required for the 
formation of the image is that lying betw een C and D 

The image is virtual and erect it appears to be as far 
behind the mirror as the object is m front of it, and is of the 
same size and shape as the object 
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But the appearance of the image is not exactly the same as 
that of the object facing the mirror It is affected by what is 
known as lateral inversion You will best understand what 
this IS by placing a printed page in front of a looking-glass and 
trying to read the pnnt in the image. The letters are all erect, 


c 

Fig 21 —Lateral T NX EKSiov 

but the words read from right to left. A letter p appears in 
the imago as a letter q (Fig 22) A page of type, as set up 
by a pnnter, can be read by holding it in front of a mirror 
The effects of this lateral inversion can frequently' be 
obsen ed by looking at the face of a fnend in a mirror Our 
faces are never perfectly' symmetncal, and so we do not quite 
see ourselves as others see us 

23 . Multiple Images In Inclined Mirrors — Expt 14. — Take 
two mirrors (about 4 inches squnn.) and join two of their edges by pasting 
on a slnp of cloth or nbbon thus making a hinge about which the 
mirrors can be moved Stand them vcrticailj on a table with a lighted 
candle-end between A number of images of the candle-flame are seen 
Either of the mirrors used by itself would give only one image The 
effect obsen ed must be due to a joint acUon of the mirrors, by which the 
light IS repeatedly reflected from one mirror to the other and finally to 
your eye These multiple reflections give nse to multiple images 
I The number of Images seen depends upon the angle between the 
I mirrors. Adyust them so that this angle is 45° the number of images is 
I seven Gradually increase the angle to 60° the middle image disappears 
I and the ones on each side of it (» e the two nearest the hinge) coincide 
' and form a single image. The number is now five. Increase the angle 
' to 90° the same process is repeated and the number of images is reduced 
1 to three. Observe that the colnadence takes place when the angle between 




Fig 21 — Image it Pcase Mirror 
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the mirrors is contained an exact number of times m four nght angles 
(360°) , and that if this number be « the number of images is (n - 1) ^ 

It will be a useful exercise for the student to trace the paths of the 
rajs bjr which these images are seen In doing so the following pnnciples 
should be borne in mind When rays of light from a lummous object are 
reflected by a plane mirror, they diierge from a correspondmg point at an 
equal distance behmd the mirror and this may be called the primary 
image of the object, the raj's forming it having been reflected once only 
If these rajs fall upon a second mirror they will, after a second reflection, 
appear to diverge from a point as far behmd the second mirror as the 
pnmary image is m front of it In other words, a secondajy image of the 
object IS formed bj successire reflections of rays at the tiuo minors In 
finding the position of this secondary image the pnmaiy image may be 
treated as a virtual object sending out rays of light 

This process may be repeated any number of times as long as any one 
of the images lies m front of one of the mirrors (t e m front of the plane 
in which the mirror lies) Thus a secondary image maj after a third. 
reflection give nsc to a icrtiari image, and so on 

Fig 23 shows the appearance presented when a candle is held between 
two mirrors inclined at nglit angles Two of the images seen are simply 
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pnmary images produced by single reflections from thehonzontal and vertical 
mirrors respecUvelj The third is a secondary image, and the paths of the 
rays by which it is seen are shown in Fig 24 Rays proceeding from the 
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object O and falbng upon the horizontal mirror CM appear, after reflection, 
to proceed from the pnmary image Ii Some of these rays fall upon the 
vertical mirror CM' Ij lies in front of this mirror and may be regarded 
as a virtual object sending out rays of light which, after a second reflection 
(from CM'), appear to diverge from the point which is as far behind the 
verUcal mirror as Ij is in front of it Ij is a secondary image of O pro 
duced by successive reflections from the honzontal and vertical mirrors 
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lo may be regarded as consisting of two coincident secondary images 
For by a single reflection at the vertical mirror a primary image is pro- 
duced at Ij' This IS in front of the horizontal mirror, and hence, as 
already described, a secondary image would be produced at a point as far 
behind the horizontal mirror as Ij' is in front of it. But it is clear from 
the figure that this secondary image would comcide in position with lo. 

24. Parallel Mirrors — E xpt 15 — Stand two mirrors vertically on 
a table and facing one another Between them place a candle or other 
object. Look over the edge of one mirror mto the other You see a 
large number of images and if the mirrors are exactly parallel these 
images he all in a straight line. They are produced by repeated reflections 
of light from one mirror to the other until the light reaches the eye. Good 
examples of these multiple images can often be seen in shops and 
restaurants where mirrors are fixed to opposite walls. 

The positions of these images and the paths of the rays can be easily 
determined as in the iast article. Rays of light proceeding from an object 
O (Fig 25) and falhngonthe mirror M appear, after reflection, to proceed 
from the pnmary image Ij If these rays fall upon the mirror M', and 
are again reflected, they appear to come from a point Ij, which is as far 
behind M' as Ij is in front of it. I. is a secondary image of Ij In the 
same way, a single reflection from M' produces -a primary image at Ij', 
and a second reflection from M gives a secondary image at I;'. The 
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tertiary images I3 and I3' are prodnced by three successive reflections 
(two from one mirror and one from the other) All the images he on the 
straight line through O perpendicular to the mirrors. Elach pair of 
images giies nse to another pair, for every image is m front of one or 
other of the mirrors Thus in theory there should be an infinite 



F»k as- 

number of images but in practice it is found that the light is so much 
weakened by successi\-e reflections that bej'ond a certain pioint the images 


are no longer visible. 

25 Images are produced not only b)’ reflection from silvered glass but 
also by other reflecting surfaces, such as still water and unsilvered glass 
As you walk past shop windows you see 
images of yourself and of other objects 
by reflection from the window-glass 
Since the glass is transparent, you can at 
the same time see the contents of the 
shop window This is the principle upon 
which "Peppers Ghost and other 
optical illusions depend. 

Expt 16 — Remove the front of a 
wooden bov and place a beaker full of 
water inside it, as shown in plan at B 
(Fig 26) Diagonally across the box fix 
a vertical sheet SS' of wnndow glass At 
one side place a lighted candle C Cut 
a hole in the front of the box and replace 
It An observer looking in through this 
hole sees a candle apparently burning 
inside the beaker of w ater 

Expt 17 — Hold the pomt of a 
pencil agamst a sheet of thick plate- 
glass and look at it sideways. Several images arc seen The first of these 

(the one which touches the pencil piomt) is produced by reflection 
from the front surface of the gla^ The second is produced by reflection 

L 
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from the back surface The others are produced b) repeated reflections 
between the front and back surfaces. 

Repeat the eipenment tvith a candle, Itolding the glass so that the 
light falls on it obliquely, as an hig 27 If a plate glass muror is used 



Fig 37 


instead of a piece of unsiUered glass the second image (that produced b> 
reflection from the back or sibered surface) will be the brightest, as shotvn 
in the figure. 


KvAitPLES ON Chapter IV 

1 When a horizontal beam of light falls on a ^ ertical plane mirror 
which revolves about a vertical axis m its plane show that the reflected 
beam revolves at twice the rate of the mirror 

2 Distinguish between a real and virtual image formed by optical 
means A candle is placed in front of a piece of flat glass and on looking 
into the glass an image of the candle is seen show how to determine the 
poslbon of this image Is it real or virtaal ? 

3 Desenbe and explain the difference of the effects observed when the 
sun sets over a smooth lake or sea, according as the water is (i) absolutel} 
smooth, or (2) covered with npples 

4. A source of light is seen by reflection in two vertical plane mirrors 
placed against the two walls in a comer of a square room Construct a 
figure showing exactly the path of a beam whidi enters the eye of an 
observer after two reflections, one at each mirror 
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5 A candle is placed at a given small distance m front of an ordinary 
looking-glass made of thick plate-glass quick-silvered on the back, and a 
person looking obhquely into the mnror sees several images of the candle 
explain this, and show the exact positions of the images by a diagram 

6 A ray of hght is reflected successively from two mirrors inclined at 
nght angles to each other (as in Fig. 24) Prove that the ray after a 
second reflection is parallel to its onginal direction. 

7 Prove that if an object in front of a plane mirror moves through a 
distance d away from the mirror, the image will move through the same 
distance , whereas if the mirror moves parallel to itself through a distance 
d (the object remaining fixed) the image will move through a distance 
"id 

8 Draw a diagram explaining the formation of the three images seen 
when a candle is placed in the angle between two plane mirrors which are 
inchned at nght angles to each other, and trace the course of the rays by 
which an observer can see each image. 


CHAPTER V 


SPHERIC \L MIRRORS 

26 Definitions — A sphcncal mirror is a portion of a 
sphcncal reflecting surface The centre of cumafutc of the 
mirror is the centre of the sphere of which the mirror forms a 
part The radius of the sphere is called the radius of curvafttre 
of the mirror Sphencal mirrors may be cither conca\e or 
convev In conca\ e mirrors the reflection takes place from 
the inner face (that which faces towards the centre of curva- 
ture) In convex mirrors the reflection takes place from the 
outer face (that which faces a7oay from the centre of curvature) 
Fig 28 represents a section of a concave sphcncal mirror 
of which c IS the centre of curvature. MM' is called the 

' diameter or aperture of 
the mirror, the angle 
M^’M', included be 
tween the lines Mirand 
M'r, IS called the 
angular aperture of the 
I mirror The centre of 
I the face of the mirror 
MS at d. This point 
j IS sometimes called 
1 simply the centre of 
/ the mirror This, how- 
' ever, might leav'e us 
1 in doubt as to whether c or d was referred to We shall, 
[ therefore, call the point d the v ertex or pole of the mirror 
The distance cd is the radius of curvature. 
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The priiictpal axis of a mirror is the line passing through 
the vertex of the mirror and its centre of curvature. Any 
other line passing through the centre of curvature is called a 
secondary axis Thus in Fig 28 cd is the pnncipal axis, and 
cM and cM' are secondarj' axes 

A line drawn from any point on the mirror to its centre of 
cun^ature is a radius of the sphere, and is normal to the surface 
of the mirror at that point Hence any ray of light passing 
through the centre of curvature and falling on the mirror is 
incident normally and must be reflected back along its own 
path In Fig 28, if c were a luminous point sending out rays 
of light to the mirror, all these rays would be reflected back 
along their own paths and would again converge to a focus ^ 
at c 

In general, if you wish to find the direction in which a ray 
of light IS reflected from a mirror (concave or convex), proceed 
as follows Join the point of incidence to the centre of 
curvature of the mirror , this gives you the direction of the 
normal at the point of incidence The angle between the 
incident ray and the normal is the angle of mcidence. From 
the point of incidence draw a line making witn the normal 
(but on the opposite side) an angle equal to the angle of 
incidence This is the path of the reflected ray 


Concave Mirrors 

27 Pnncipal Poous — Let us begm by considering 



Fig 29 — Concave Mirror and Focus 


what happens when a beam of parallel rays fall upon a concave 
mirror, each ray m the incident beam being parallel to the 
pnncipal axis (Fig 29) We shall prove that all the reflected 


1 \ Joais IS a point towards which 
diverge 


rays of light converge, or from w 


hich 


they I 
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rays pass approximately through a single point F on the 
principal axis, called the principal focus, and that this point 
IS midway betiveen the mirror and its centre of curvature. 

Let ab (Fig 30) be any ray incident upon the mirror at b 
and parallel to its pnncipal axis C is the centre of curvature 
of the mirror, d its vertex, and Qd the pnncipal axis Join bQ 
This IS the normal at the point of incidence, and the angle abO. 
or t IS the angle of incidence From b draw bY, cutting the 
pnncipal axis at F and making with the normal an angle CbF 
or r equal to the angle of incidence iJF is the reflected ray 

Now, since ba and dC are parallel and bC meets them, the 
angles i and are equal But t = r, therefore also j. = r 
Thus the tnangle F 3 C is isosceles, and FC = F^ Now, if we 



assume that db is very small compared wth the radius of 
curvature. Yd will be very nearly equal to F^ Thus FC = F/f 
approximately F is a fixed point and is midway between the 
vertex of the mirror and its centre of curvature. 

F IS called the pnncipal focus of the mirror, and the distance 
dF (from the mirror to the pnnapal focus) is called the 
pnncipal focal distance or focal length of the mirror 

S e focal length is one-half the radius of curvature. If 
the focal length by yand the radius of curvature by 

adent ray parallel to the pnncipal axis is reflected so 
s (approximately) through the pnncipal focus F 
y, if F^ (Fig 30) were an incident ray, ba would 
the corresponding reflected ray Thus any incident 
ray whose path passes through the pnnapal focus will, after 
reflection, be parallel to the pnncipal axis 

The assumption made in thcnboie proof is equivalent to supposing that 
the angular aperture of the mirror is small or, referring to Fig 28, that 
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MM' is small compared wth dc We shall always assume that this is the 
case , and shall thus be able to obtain simple approximate relations which 
are sufficiently correct for most practical purposes The student should, 
however, observe carefully at what stage in the reasonmg the approxima- 
'lon comes in 

28 Conjugate Pool — Let P (Fig 31) be a luminous 
point on the pnncipal axis of a concave mirror We tvish to 
find what becomes of the light from P after it has been 
reflected by the mirror 

Let PR be any one of the incident rays Join R to C, the 
centre of curvature of the mirror Draw the reflected ray 



Fig 31 —Conjugate Foci 

RP', cutting the pnncipal axis at P', and making with the 
normal RC an angle 1 equal to the angle of incidence t 

In the tnangle RP'P the angle at R is bisected by the line 
RC, w'hich also cuts the b^lse P'P into the segments P'C and 
CP hence it follows 1 that these segments are to one another 
in the same ratio as the sides P'R and PR of the tnangle, or 

P'C CP = P'R PR 

[A^roxtination'\ — Now, if we assume, as in the last 
article, that the angular aperture of the mirror is very small, 
or that R is very near to M, we may take P'M as being verj' 
nearly equal to P'R, and PM to PR Thus we have, ap- 
proximately, 

P'C CP = P'M PM (i) 

Thus the distances of the points P and P' from the centre 
of the mirror afe in- iJic same naito as them distances Jioni the 
mirror itself 

1 EucUd, Bk. VI Prop III — ‘If the angle of a tnangle be dmded into tno 
equal angles bj a straight line which also cuts the base, the segments of the base shall 
have the same ratio which the sides of the tnangle hate to one another 
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Now let the distance PM be denoted by p, P'M by p' and 
CM (the radius of curvature of the mirror) by f Then 

P'C = CM-MP' = r-/, 
and CP = PM — MC =p — r 


or 


Introducing these sjnnbols into the proportion (i), we get 
(; -/) {P-r)=p’ p, 
r-p' P' 
p-r p' 


1 e 


P{r-p')=P' 
pr-pp' ^pp' -p'r 

Transposing, and then dmding hy pp'r, ne have 
p‘r+pr=2pp', 


and 


I I 2 

P^P‘~'r 


( 2 ) 


We have already seen that the focal length f of the mirror 


is equal to j Hence ~ equation (2) becomes 


I 1 I 


( 3 ) 


29 This IS the fundamental equation for mirrors, and, mth 
proper conventions as to signs, is true for convex as well as 
concave mirrors 

The equation shows that there is a certain relation between 
the distances p and/', * e between the positions of the points 
P and P' For a given mirror / is a constant quantity 
hence, if the value of p is given, there is only one value of p' 
that satisfies equation (3) There is onlj one position of P' 
coi responding to any given position of P 

We started by supposing that PR was any one of the 
incident rays from P the result show s that all the rays from P 
are reflected so as to pass through a focus at the point P' P' 
IS the image of P in the mirror 

Conversely, if P' were a luminous point, P w'ould be its 
image For we may reverse the paths of the rays an 
incident ray along P'R would give a reflected ray along RP 
All rays diverging from P' would come to a focus at P 
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The points P and P' are called conjugate foci. 

Conjugate foa with respect to a mirror are points so related 
that one is the image of the othei in the mm or 

In the case above considered the foci are teal, for the rays 
of light actually pass through the points We shall presently 
come to cases where rays of light appear to diverge from a 
point but do not actually pass through it such a point is 
called a virtual fot,us 

Notice that parallel rays may be regarded as proceeding 
from a point at an infinite distance Now, if the luminous 

point P IS very far off, p is very great and ^ is very small 


\Vhen p IS infinitely great - is infinitely small or = o In this 

t 

case equation (3) reduces to 


II , , . r 

7=/>^nd P=f^- 

Compare this result mth Art 27 


30 Buies for Optical Calculations — In order to 
avoid confusion as to plus and minus signs, or positive and 
negative focal distances, beginners mil find it well to follow 
strictly some such rules as the following, <- and to use the 
equations for conjugate position always in the same form 

I All distances are to be measured from the mirror (or 
lens) , if measured tow ards the nght hand they are to be 
considered positive ( + ) , if towards the left hand, negatn e 
(-) 

It is convenient to suppose that the luminous object, or 
source of light, is alwajs placed on the nght hand of the mirror 
Its distance will thus ahvays be posibve. This is equivalent to 
saying that all distances measured from the mirror on the same 
side as the object 01 source of light are to be regarded as posi- 
tn e , and all distances in the opposite direction as negatn e 

II The equation 


I I I 


(3) 


holds good for all mirrors, both concave and convex, / denotmg 
the focal length, p the distance of the object, and pf the 
distance of Uie image, reckoned from the mirror itself 



1S4 


LIGHT 


CH V 


III The focal length of a concave mirror is positive This 
ivill be readily understood on looking at Fig 29 for the beam 
of parallel light falls upon the mirror from the nght hand 
and IS reflected through the pnncipal focus F, which is 
also to the nght hand of the mirror The focal length of a 
convex mirror is negative this we shall consider in due course 

IV Whenever you have to work out any optical calculation, 
begin by wnting doivn the proper equation, and do not alter 
the signs of the letters until you come to insert their values 
Now substitute in the equation the numencal values of the 
known quantities, each with its proper sign When any two 
of the three quantities f, p, and p' are given, the third can be 
found from the equation If /and p are given, the numencal 
value of p' tells you how far the image is from the mirror if 
p' IS positive, the image is formed on the same side as the object 
(towards the nght hand of the mirror, or in front of it) , but 
if It cames the minus sign, the image is formed on the opposite 
side (towards the left hand, or behind the mirror) When the 
distance of the object and image {p and p') are given, the 
numencal value of f gives you the focal length of the mirror, 
and the sign of /tells >ou whether the mirror is concave ( + ) 
or convex ( — ) A geometncal diagram draivn roughly to 
scale will often save you from making bad mistakes. 

3 L Examples — i Rays of light diverging from a point 3 ft. in front 
of a muTor converge, after reflection, to a point i ft m front of the mirror 
Is the mirror concave or convex, and ■» hat is its focal length ? 

Here / = 3 ft , /'=i ft , and both are positive The focal length 
required is given by the equation 

i_i I 


and /=- ft =9 m 

4 

The focal length is 9 in , and, since it is positive, the mmor is 
concave. 

2. The radius of curvature of a concav e mirror is 30 cm Rays of 
light diverge from a point 60 cm in front of it to what point will they 
converge after reflection ? 

The focal length is one half the radius of curvature, and, as the mirror 
IS concave, it is piositive Thus /=is, and/=6o 
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Denoting the required distance of the point from the mirror by p\ we 
have 


I _ 1 I 
iS~6o^/'' 


I _ I I 

/'“15 60’ 


= 4 ^=-^ = - 

60 60 20 

Tims p'=2o The rajs converge to a point 20 cm in front of the 
mirror 


32 Images produced by Concave Mirrora — Images 
in plane mirrors are always virtual Images produced by 
concave mirrors may be either real or virtual 

In discussing the formation of images by plane mirrors 
we followed the paths of two rays (a normal one and any 
other), and found the point of intersection of the reflected 
rays This was shown to be behind the mirror the reflected 
rays diverged from a virtual focus Following a similar plan 
here we shall be able to find — ^by geometrical construction and 
without algebraical calculation — the nature and position of 
the images formed by concave mirrors 

Among the many rays which proceed from any luminous 
point to the nurror, there are three whose directions after 
reflection by the mirror are easily followed. 

(i) Any ray whose path passes through the centre of curva- 
ture falls normally upon the mirror, and is therefore reflected 
back along its own path 

( 2 ) Any ray parallel to the principal axis is reflected so as 
to pass through the pnncipal focus 

( 3 ) Any ray whose path passes through the pnnapal focus is 
reflected back parallel to the pnnapal a.xis 

If we wash to find the image of any luminous point, we need 
only follow out the directions of t«o of the above-mentioned 
incident rays and find the point of intersection of the reflected 
rays , this is the image of the luminous point If the reflected 
rays actually intersect at this point, the image is a real one 
if they have to be produced backwards (behind the mirror) 
before they intersect, the image is a virtual one 

33 Heal Images — Let AB (Fig 32 ) be an object in 
front of a concave mirror whose focus is at F and centre of 
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curvature at C We shall suppose the object to be beyond C, 
if at a. distance gfreater than 2 /" from the mirror 

From A draw the ray ACt/i through C This is reflected 
back along its oivn path The image of A lies somewhere on 
this line (which is the secondary axis through A) Draw also 
the ray A/; parallel to the pnncipal axis MC This is reflected 
so as to pass through F The image of A lies somewhere 
along «F It must therefore be situated at the point of inter- 
section of mC and «F 

Produce «F to cut wC at a « is the image of A If A were 



Fig 33 — Concave Mirror Real Image 


a luminous point, a w ould be its conjugate focus all rays diverg- 
ing from A. appear, after reflection, to diverge from a An eye 
placed in a suitable position w'ould see a real image of A at a 

The image of B is found in precisely the same way by 
drawing the rays BCa and B/F These intersect at i5 is 
the image of B The images of points lymg betiveen A and B 
are formed at corresponding points between a and ^ ab is the 
image of AB 

Images of this kind are produced bj the bowls of spoons (a bnght silver 
dessert-spoon is best) Hold the spoon with its concave surface towards a 
candle flame and a few inches from it looking from behind the candle 
towards the spoon jou see a small inverted image of the flame just in front 
of the spoon Hold the spoon between yourself and the hght jou see a 
small inverted image of your face As the bowl of the Spoon is not 
sphencal the images are, of course, distorted 
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The image is real Not only can it be seen by an e>e 
placed in a suitable position, but it can be thrown upon a 
screen (see ExpL 19) In Fig 32 the image is dtimmshed or 
smaller m size than the object this is alwaj's the case when 
the object is beyond the centre of curvature (C) 

Observe that m all cases where a real image is formed, the 
image and object may change places Thus, if ab (Fig 32) 
were a luminous object, AB would be its image For the paths 
of any of the rays may be re\ersed, an inadent ray aYn giving 
a reflected ray«A, and so on The image thus produced would 
be enlarged or magnified this is always the case when the 
object is between C and F (The student should draw the 
diagram for this case, using the construction gi\en above ) 

The object and its real image are formed on opposite 
sides of C and, since the rays which pass through C cross 
each other at this point, the real image is always inv erted 
We have thus amved at the following results — 

When the object is situated beyond C (the centre of 
curvature), the image is formed between C and F, and is 
real, inverted, and diminished 

When the object is situated between C and F, the image is 
formed bejond C, and is real, im erted, and enlarged. 

34 . Relative Sizes of Image and Object — In order 



Pig 33.— Relative Sizes of Liace and Object 


to simplify matters, we now take one -half of the preceding- 
figure. AB (Fig 33) is our object, and is perpendicular to the 
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pnnapal axis of the mirror The image of A is at a, the 
position of which is found as m the last article. The image is 
completed by drawing ab perpendicular to the pnncipal axis 
(the image of B being at b on this axis) 

The tnangles abt, and ABC are similar for the opposite 
angles at C are equal and the angles at b and B are nght 
angles Hence ^ the sides about these angles are proportionals, 
t e 

ab _bC 
^~BC’ 


or, ihe relative sizes of image attd object ate as thtir tespective 
distances from the centre of curvature of the mirror 

From this it follows at once that the relative sizes are as the 
distances from the mirror itself For ^ is the conjugate focus 
of B, and in Art 28 we saw that the distances of two conjugate 
points from the centre of curvature are proportional to their 
distances from the mirror itself Thus 

bC _ bM 
BC“ BM’ 

, ab Mb 


Thus the relative sizes of image and object are as their 
respective distances from the mirror 

If we denote the sizes of image and object by I and O, and 
their respective distances from the mirror by p' and p, this 
relation may be written in the form 


\_Jf 

O p 


( 4 ) 


and should be carefully remembered. It is true for all images, 
real or virtual, formed by spherical mirrors, and the student 
should follow out the proof for himself as we come to eacli 

special case. The ratio ^ ^ bebveen the sizes of image and 
object IS called the magnification It should be noticed that 


^ Eticlidf Blw VI Prop. IV — *The sides about the equal ai]f;le5 of equiangular 
tnangles are proportionals. ^ 
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the word ‘ size ’ here refers to linear dimensions (length or 
breadth) and not to area. 

WTien the image and object are at equal distances from the 
mirror they are equal in size. This happens when the object 
IS situated at the centre of cuiwature of the mirror (in tvhich 
case^=^=z) 

35 Virtual Images — We have yet to find i\hat sort of 
an image is produced when the object is situated betu'een the 
mirror and its principal focus 

Let AB (Fig 34 ) be the object From A draw the laj 
parallel to the pnncipal axis and reflected from the mirror 
through F Join CA. and produce it to meet the mirror nor- 
mally These t\o reflected rays do not intersect m front of 
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the mirror, but if produced backwards (as shown by the dotted 
Imes) the) meet at a To an obsen er looking at the mirror 
all the reflected raj's which onginall) came from A would 
appear to proceed from a ^'lrtual focus at <z. a is the virtual 
image of A. In the same waj b is the image of B ab is the 
virtual image of AB such an image cannot be caught on a 
screen, as a real image can. 

Thus when an object is situated betiveen a concave mirror 
and Its pnnapal focus, the image produced is virtual, ereQt 
and enlarged, ’ 
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36 Experimental Elustratione — The student should 
perform the followng expenments ^\lth a concave mirror, and 
then proceed to measure its focal length carefully by the 
methods described m Art 37 The e\act size and curvature 
of the mirror used is not of importance, but one having a 
focal length of about i foot or 30 cm ■nail be found convenient 

Expt 18 — Watch your chance uhen the sun is shining, 
and fix the mirror so that it faces the sun (the axis of the 
mirror pointing towards it) Mo\e a small piece of w'hite 
paper or cardboard backwards and fonvards in front of the 
mirror until you find the position in which a sharp image of 
the sun is throwai on it The image is formed at the pnncipal 
focus Measure the distance from the image to the mirror , 
this IS the focal length 

Hold your hand so that the image is formed on the back 
of It , the spot IS uncomfortably hot Not only the light, but 
also the heat-radiation from the sun, is concentrated at this 
point , hence the term /oats, which literally means a hearth or 
fireplace. If the sun is shining brightly, paper and chips of 
wood placed at the focus can be set on fire. 

Expt 19 — Take the mirror into a darkened room At 
one end of the room place a lighted candle , at the other end 
place the mirror, facing the candle and at the same height as 
It Find the position of the image by catching it on a small 
screen, as in the last experiment , if the screen cuts off too 
much of the candle light, tilt the mirror so that the image is 
thrown slightly to one side 

The image is real, inverted, and smaller than the flame 
Itself Measure the distance from the mirror to the image and 
compare it ivith the distance found in the last expenment. If 
the candle is far enough off (20 ft. or more), the image is 
formed very nearly at the principal focus 

Lower the candle the image rises Raise the candle 
the image is depressed. (See Fig 32, which shows that the 
image of a point A lies on the secondary axis AC;// ) 

Expt 20 — Move the candle up towards the mirror The 
image advances to meet it and increases in size , but remains 
real, inverted, and smaller than the object 
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When the candle is at the centre of curvature of the mirror 
the image is formed at the same distance m front of the mirror 
(coinadent with the object) In order to see this image } ou 
should tilt the mirror to one side, so that the image can be 
thrown on a screen placed just at the side of the candle The 
image is real, inverted, and equal in size to the object 

Now move the candle nearer to the mirror The image 
moves farther and farther aray, and is real, inverted, and 
enlarged Obsen'e that in all the above cases the object and 
Its real image may change places test this bj marlang the 
positions of the candle and screen and interchanging them 

When the candle is at the principal focus the image is 
formed at an infinite distance The reflected rays form a 
parallel beam , this is the nay m which concave reflectors are 
used in lighthouses and “ search-lights ” (projectors) 

When the candle is still nearer the mirror (r c between the 
mirror and its focus) the reflected rays diverge from virtual 
foa behind the mirror no real image is formed, but on looking 
mto the minor you see a \'irtual, erect, and magnified image 
of the flame 

37 Methods of Finding Fooal Length. — The focal 
length of a concave mirror can be measured by any of the 
foUomng methods — 

I By allowing a beam of parallel rays to fall on the mirror 
Rays from any very distant object, such as the sun, can be used 
an image of the object is formed at the pnnapal focus This 
method has been descnbed in Expt i8 ^though it may 
appear the sunplest, it is not the best or the most convenient 

II Throw a real image of a candle-flame on a screen by 
means of the mirror Measure the distance (p) from the mirror 
to the candle, also the distance (p') from the mirror to the 
screen The focal length (/") can then be calculated from the 
equation 

III 

The apparatus used (optical bench, etc) is descnbed on 
pp 12S, 129 The screen on which the image is thrown may 
be of white cardboard or of paper stretched on a suitable 

M 
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frame it should be moved backw’ards and forwards until the 
image throivn on it is as bnght and sharp as possible. This 
operation is called focussing, and should be carefully per- 
formed 

Make several measurements, placing the object at different 
distances and using both enlarged and diminished images 
Calculate the value of f corresponding to each pair of values of 
p and ^ obtained, and take the mean of tlie results 

III When an object is placed at the centre of cun'ature of 
a mirror, the image coincides m position with it Thus if the 

object IS a luminous 
pomt at r (Fig 35), all 
rays diverging from it 
fall normally on the 
mirror, and are, there- 
fore, reflected back 
along their own paths 
to r The image is a 
luminous point com- 
adent with the object 
The distance ^ is the 
radius of curvature of 
the mirror, and is therefore twice the focal length. This 
method of finding the focal length of a mirror is simple and 
accurate, and can be earned out as follows — 

Take a piece of cardboard about 4 in square, and in the 
centre of it cut out with a cork-borer a hole about ^ in. in 
diameter across the hole stretch two hairs or black threads 
at nght angles This is to be our object or source of light 
Mount the cardboard screen on one of the upnghts of the 
optical bench so that the hole is at the same height as the 
centre of the mirror Illuminate the hole and cross-threads 
strongly by placing an Argand burner behind (z on the sidd 
farther from the mirror) The light proceeding from the hole 
IS reflected by the mirror to a real focus (provided the mirror 
IS not too near) This focus may be in front of the screen or 
behind it You have now to find irtal a position of the 
mirror such that this focus is on the screen itself 

You see on the screen a blurred spot of light Adjust the 
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mirror so that this spot falls just by the side of the hole. 
Move the mirror backivards or forwards until the spot of light 
becomes a sharp bnght image of the hole, with the cross- 
threads well defined. Measure the distance from the mirror 
to the screen one-half of this is the focal length 

38 Table of Results — After performing the above 
expenments the student should find for himself the position of 
the image for any given position of the object, using both the 
algebraical equations and geometrical diagramj; He should 
also find the nature of the image produced and agam venfy 
his results by expenment. 

In the follomng table C denotes the centre of curvature of 
the mirror, F its pnncipal focus, and M the mirror itself 


Position op Object 

Posmov op Image. 

Characteristics op Image. 

At infinity 

At F 

Real, inverted, diminished 

Beyond C 

BeUveen F and C 

Real inverted, diminished 

At C 

AtC 

Real, inverted, equal in size 

Between C and F 

Be>ond C 

Real inverted enlarged 

Between F and M 

Behind M 

Virtual, erect, enlarged 

- J 


39 Examples — 1 A candle-flame i in. long is 36 cm. in front o 
a concave mirror whose focal length is 30 cm. Find the nature, position 
and size of the image. 

Here /=:36. /=3o , and both are posiUie. The value of f (thi 
distance of the image from the muror) is given by the equation 
i_i r 

/~/V 

Subsutnling the above values we have 
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or 


^ ^ I 

p'~30 36 



180 180 


and 


/'=:i8o 


The distance of the image from the mirror is 180 cm Since /' is 
positive, the image is formed in front of the mirror, and is real and 
inverted (Verify this by sketching the diagram ) 

The relative sires of image and object are given by the equation 


I 

5=^ (seep 158) 


The image is five times as large as the object, and is 5 in long 


2 The candle-flame is placed at a distance of 15 cm from the same 
mirror What sort of an image is now produced, and what is its size ? 

As before, we have 

III 

— — h ^ 

30 IS / 

1_ I_ _I_ ^ 

/“3o“is“ JS 

Hence - 30 cm This means that the image is formed 30 cm 
iehtnd the mirror, and is virtual and erect. 

The distances of the image and object from the mirror are as 30 to 
IS or as 2 to 1 The image is, therefore, twice the size of the 
object, or IS 2 in long 

3 You are required to throw upon a wall an image of a gas flame 
which stands 8 ft from the tvall and the image is to be three times the 
size of the flame. What sort of a mirror would you choose, and where 
would you hold it 7 

Suppose the mirror to be placed x feet from the object on the side 
farther from the ■wall, it iviU then be (8-i-x) ft Irom the tvall 
on which the image is to be thrown Our distances now are 
p=x, tadp' = S + x 

Further, since the image is to be three times the size of the object, we 
must have/'=3;>, or 

{8+x)—3Xx, and x=4 
p=4 /'= 8 -)- 4 = i 2 , 

i_i 1^1 

7 ~ 4 '^S" 3 ' 

This means that the mirror required is a concave mirror 


Thus 

and 

/=+3 
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of 3 ft focal length We have already found that x=4 , thus 
the muTor must be held 4 ft from the gas flame, or 12 ft from 
the wan 

[Observe that the distances of image and object from the mirror bear 
the nght ratio to one another, being as 12 to 4 or 3 to i Check 
your results m this way whenever you can ] 


Convex Mirrors 

40 Focal Lengrth Negfatlve — Suppose a beam of parallel raj^ to 
fill upon a convex mirror, each ray in the incident beam being parallel to 
the pirincipal axis of the mirror (CM, Fig 36) Let PR be any one of the 



Fig 36 — Convex Mirror and Princiral Focus. 

incident rays Draw the normal CR and produce it The ray PR is 
reflected along RP', making v\ ith the normal an angle equal to the angle 
of incidence 

Produce P'R backwards (behind the mirror, as shown by the dotted 
hne) to cut the axis at F As in the case of concave mirrors. Art 27, it 
can be proved that F is (approximately) midway between C and M F 
IS the principal focus of the mirror All incident rays parallel to the 
pnncipal axis appear after reflection to diverge from F 

MF is the focal length of the mirror and is one-half the radius of 
curvature (CM) Observe that F hes behind the mirror The inadent 
light comes from the nght hand, the pnncipal focus is on the left hand of 
the muTor Hence, according to oin- rules for signs (Art 30, Rule I ), 
the focal length of a convex mirror is negative 

41 Virtual Images — An incident beam of parallel rays falhng upon 
a convex mirror is converted into a divergent beam If the incident beam 
IS already divergent, the divergence is increased by reflection from the 
mirror Hence convex mirrors cannot give nse to real images 
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Let AB (Fig 37) be an object in front of a convex muror Through 
A draw An parallel to the pnncipal axis MC the incident ray An is 
reflected along nr so that it appears to come from the focus F Join AC 
the incident ray Am is refiScted back along its own path The two 
reflected rays do not intersect m front of the mirror, but the dotted lines 
Fn and Cm intersect at a To an observer looking at the mirror all rays 
proceeding from A appear after reflection, to proceed from a a is the 
virtual image of A 

Similarly i is the image of B ai is the virtual image of the object AB 
The image is erect , for image and object are on the same side of C, and 
hence the lines AC and BC do not cross each other between the object and 
image (see Art. 33) The image is smaller than the object for their 



F>E 37 — Virtual Image in Convex Mirror. 


relative sires are as their respective distances from C, and the image always 
lies between C and the object 

Thus images produced by convex mirrors are always virtual, erect, and 
diminished 

Such images can be seen in the convex surfaces of spoons tea-pots, the 
silvered glass balls used as ornaments, etc. A fairlj good convex mirror 
can be made by blaekening or silvenng the concave surfaee of a watch- 
glass or clock-glass, 

Jtxample — An object 3 mches in length is held 6 inches in front of a 
convex mirror whose radius of curvature is a feet Find the position and 
size of the image. 

The focal length is one-half the radhis of curvature, and is therefore i 
foot or 12 inches But, since the mirror is convex, its focal length 
IS negative. Thus 

/= —12, and/= t 6 
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The distance of the image from the mirror is given by the equation 

1 _i I 

12 6^/' 

I _ I i_ _3. 
fi’ 12 6 12’ 

and P' — — \- 

Thus the image is virtual and is formed 4 inches behind the mirror 
The relative sires of image and object are as their distances from the 
mirror, t e as 4 to 6, or 2 to 3 The image is therefore 2 inches 
long 


Examples on Chapter V 

Read carefully the rules and instructions given in Art 30 Observe 
how these are applied m the solved examples m Arts 31-41 

Draw diagrams roughly to scale for the purpose of guiding and checkmg 
your algebraical work. When you ate about to substitute the nuraencal 
value for any symbol m an equation, be careful to give it the nght sign 
(4. or — ) Want of attention to this point is the commonest cause of 
errors and incorrect answers 

Remember that — 

The focal length of a concave muror is pcsUtve 
The focal length of a conve-x mirror is negative 

When/' IS found to be positive, the image is formed on the same side 
of the mirror as the object, and is real when /' is found to be negative, 
the image is formed on the opposite side of the mirror, and is virtual 

The size of the image is to that of the object as p' is to p But if the 
image is virtual, p' is negative if it is real, p' is positive You should 
bear this in mind when you are given the relative sizes of image and 
object (i e the magnification) and are asked to find their respective 
positions In the case of a concave mirror there are two solutions to such a 
problem , one corresjionding to the virtual and the other to the real 
image. 

1 What IS meant by an image of an object ? Why are some images 
called real, and others vartual? Explain and illustrate by a sketch the 
formation of an image of each kind by a concave mirror 

2 An object 5 cm long is placed at a distance of 40 cm from a concave 
mirror of 24 cm focal length. Find the sire and posiUon of the image. 

3 The radius of curvature of a concave mirror i^ 2 feet what is its 
focal length? What would be the piosition of the image of a point 4 feet 
in front of this mirror ? 

4. rind the position of the image of a point 4 inches in front of the 
same mirror 

5 An object is placed 120 cm in front of a mirror, and a real image is 
formed 40 cm. from the mirror and on the same side of iL \Vhat is the 
focal length of the mirror, and is it concave or convex? 

6 A candle flame i inch long is 18 inches in front of a concave mirror 
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whose focal length is 15 inches Find the position and size of the 
image 

7 Rays from a luminous point 20 cm in front of a mirror arc found 
after reflection, to converge to a point 30 cm in front of the mirror Find 
the nature and focal length of the mirror 

8 An object I inch long is placed at a distance of i foot from a concave 
mirror of g inches focal lengtlu \\Tierc is the image formed and what is 
its size ? 

^ 9 A bright object, 4 inches high is placed on the pnnapal axis of a 
concave sphencal mirror, at a distance of 15 inches from the mirror 
Determine the position and size of its image, the focal length of the mirror 
being 6 inches. 

10 A gas-jet IS placed on the pnncipal axis of a concave mirror and i 

foot in front of it A real and inverted image is produced on a screen 
held in front of the mirror but at a greater distance than the gas jet If 
the image Is twice as long as the flame, what is the focal length of the 
minor? * 

11 Draw accurately the paths of four rays, two proceeding from each 
end of an object 2 inches high, placed symmetricily on the axis of a 
concave mirror of 4 Inches focus at a distance of 6 inches from it , and 
thus obtain the height and position of the image. 

12 A real image produced by a concave mirror is found to be twice the 
size of the object If the focal length of the mirror is i foot, where ore the 
object and Image situated ? What would be the relation between their 
sizes if their positions were reversed 7 

, 13 An object 6 cm in length is placed at a distance of 50 cm in front 

of a concave mirror of 20 cm foi^ length Find the nature, position, 
and size of the image. 

14 Yon wish to throw upon a wall a real image of a gas flame, 2 feet 
distant from it, by means of a mirror What kind of mirror would you 
use, what should be its focal length, and where would you place it ? 

15 An object Is placed 5 inches from a concave mirror of 6 inches focal 
length where is the image produced, and what is the magnification ? 

16 A concave minor of 2 feet focal length is placed i foot from an 
object find the change in the position of the image produced by moving 
the object i inch nearer the miiror 

17 Prove that the focal length of a convex sphencal mirror is equal to 
half its radms of curvature. (Apply the method of Art. 27 to Fig 36 ) 

18 An object 3 inches long is hdd 6 inches m front of a convex mirror 
whose radius of curvature is 2 feet Find the nature, position, and magni- 
tude of the image. ^ 

Where will the image be produced when the object is held 2 feet in front 
of the same mirror, and what will be its sire 7 

19 An object 4 cm long is placed at n distance of 10 cm from a 
convex mirror of 30 cm foc^ length. Fmd the position and size of the 
image. 

20 Find at what distance an object must be placed in front of a con 
cave mirror of 6 inches focal length, so that the muror may give a real 
image of the object, magnified six times 
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REFRACTION OF LIGHT 

42 Simple Experiments on Reftaotion . — "We have 
hitherto considered only the behaviour of light as it travels 
through a homogeneous medium (Arts 2 and 4), m which case 
it is propagated in straight lines But when a ray of light 
passes from one transparent medium into another, its direction 
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is changed and it is said to be refracted This bending of 
rejraction of light may be illustrated by the foUowmg experi- 
ments 

Expt 21 — Procure a rectangular tm box (a biscuit-box) 
Mark a scale of inches or centirpetres along the bottom of it. 
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or lay a metal scale on the bottom Take the box into a dark 
room and allow a beam of parallel light to fall slantwise 
against the edge. (It is best to use a strong source of light — 
sun-hght or hme-hght) The side of the box throws a shadow 
C (Fig 38), which is m a line with the direction of the incident 
beam AB Note the point C where the edge of this shadow 
falls on the bottom 

Now (wnthout altering the position of anything) fill the box 
with ^vater The edge of the shadow moves to D, nearer the 
vertical side BN of the box. Clearly the light is refracted or 
bent on entenng the water Note the dtrcciton m which 
It is refracted N'N is the normal at the point of madence 
On passing from atr into water light is refracted towards the 
normal 



Expt 22 — Put a com on the bottom of an empty basin 
(r, Fig 39) Place your eye m such a position (E) that you 
just cannot see it — the com being hidden by the side of the basin 
If ^vater is now poured into the basin (the eye still remain- 
ing at E), the com becomes visible and appears to nse as 
the level of the water rises This would clearlv be impossible 
without some bending of the rays of light which proceed from 
the coin A ray such as cs (which would otherwise not reach 
your eye) is refracted downwards along jE on leaving the 
water and thus enters your eye. The eye takes no notice of 
the refraction it simply sees the com at c' along Er produced 
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Notice the direcitoji in which the light is refracted. On pass- 
tng from water into air light is refracted away from iJu normal 

Expt 23 — Plunge a stick or pencil slantn ise into water 
It looks as though it 
were bent just at the 
surface of the water, 
and the part immersed 
appears shortened and 
elevated (Fig 40) 

This IS best seen by 
placing the eye at one 
side ifyou look 
the stick, or if it is 
held upnght in the 
^\ater, it simply ap- 
pears shortened and 
not bent. Fig 40 —Appearance of Sticj. in Water. 

43 Laws of Re&action, — Let RI (Fig 41) represent a 
ray of light in air inadent obliquely at I upon the surface of 




tig 41 — Kefracted Rav 


another medium, eg still water Draw the normal at I to the 
refracting surface. The angle between the normal and the 
incident ray RI is called the angle of incidence We know 
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that on entenng the Avater the ray of light is bent in some such 
direction as IS — te towards the normal The angle SIP 
between the normal and the refracted ray IS is called the 
angle of refraction Clearly the angle of refraction is less than 
the angle of incidence. 

Produce RI to R' The angle R'IS measures the amount 
by which the ray is bent or demoted out of its path it is 
called the angle of deviation Whenever a ray of light in 
passing from one medium to another is bent towards the 
normal, the second medium is said to be ‘ optically denser ’ 
than the first Thus water and glass are both optically denser ^ 
than air 

With I as centre describe a circle From the pomt where 
this circle cuts the incident ray draw a perpendicular to the 
normal this is clearly equal m length to the perpendicular 
R'P' draAvn from the pomt R' where the circle cuts the inadent 
ray produced. Again, from the pomt where the arcle cuts the 
refracted ray draw a perpendicular to the normal The ratio 
of these perpendiculars has a constant value for any given pair 
of media (air and water, air and glass, etc.) 

We may now state the laws of refraction m the following 
form — 

I The refracted ray lies in the plane containing the incident 
ray and the normal, and on the opposite side of the normal 

II If points equidistant from the point of incidence be taken 
on the incident and refracted rays, and if from these points per- 
pendiculars be drawn to the normal, the ratio of these perpen 
diculars is constant for any given pair of media 

44. This constant ratio is called the index of refraction 
for the two media, and is usually denoted by the letter /r Its 

value for air and water is about 1 for air and glass about 

3 

- , but It may be greater than this according to the composition 
of the glass 

The following are approximate values of the indices of 

1 This use of the term * dense must not be confused with the usual meaning of 
density as deimed on pp 24, 25, There « no necessary connection between the 
two. Thus turpentine is lighter than water but is optically denser it doats upon the 
'surface of water, but a ray of hght in passing from water into turpentine is deviated 
the normal 
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refraction for light passing from air into certain transparent 
media. 


Water 

I 33 

Alcohol 

I 37 

Turpentine 

I 48 

Benzene 

I 5° 

Carbon Bisulphide 

I 67 

Common Wmdow-Glass (about) 

I S3 

Crown Glass (Potash-lime glass free from lead) 

I 53 to I 61 

Flint-Glass (Lead glass) 

1 62 to I 79 

Diamond 

2 47 

45 Experimental Venflcation, — The 

first law of re- 





fracbon offers no difficulty the second can be venfied by 
means of the apparatus shown m Fig 42 This consists of a 
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shallow cylmdncal glass vessel, the lower half of which is filled 
with water The vessel is surrounded by a divided circle on 
which the angles of incidence and refraction can be measured. 
The perpendicular distances corresponding to SP and R'P' in 
Fig 41 can also be measured on the honzontal scale which 
slides up and down on a vertical rod. By this means the 
second law of refraction can be venfied directly 

Expt 24 — In order to show up the path of the beam as 
It passes through the water, a few drops of milk must be added 
beforehand (just enough to make the water milky) Pour m 
the water through the hole at the top of the glass vessel until it 
nses just to the centre-mark O Blow m a little smoke through 
the hole so as to show up the path of the beam in the upper 
half of the vessel 

Direct the beam of light on the movable mirror I and 
adjust this so that the light is reflected through the slit m the 
tube (in front of I) and on the surface of the water at O The 
movable arm Oa which carries the mirror is now parallel to 
the incident beam 

The beam of light is refracted along OR and emerges at R 
without undergoing further refraction, for the beam is normal 
to the surface of the vessel at R. Adjust the movable arm 
6 so that the emergent beam passes through the sht m the 
tube attached to it Ol> is now parallel to the emergent beam 
The angle aOd ineasures the deviation. 

Measure off the distance from the centre of the honzontal 
scale to the point i this distance corresponds to the length of 
the perpendicular SP in Fig 41 Raise the scale and in the 
same way measure off the distance O'a this corresponds to 
the length of the perpendicular R'P' m Fig 41 

Alter the position of the arm Oa and repeat the adjustments 
and measurements Whatever the angle of incidence, it will be 
found that i/ie ratio of the perpendiculars is constant Thus if 
Oa IS 6 cm., Ob will be 4 5 cm if Oa is 8 cm., Ob wll be 
6 cm., the ratio being always as 6, to 2) 

Place the arm Oa vertical and reflect the light from the 
mirror vertically doivnwards the light is now incident nor- 
mally on the surface of the water and passes straight through 
'Without any demotion Tilt the arm gradually and measure 
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the deviation for each angle of incidence the deviaitori 
increases wiih the angle of tnadence 

The light IS not all refracted some of it is reflected from 
ihe surface of the water according to the usual law Notice 
that this reflected beam becomes brighter as the angle of 
incidence increases The amount of light reflected from the 
surface of water increases with the angle of incidence 

Further expenments may be made wth another liqmd, e g petroleum 
Its index of r^raction 'mil be found to be constant, but different to that of 
water 

It will generally be found sufficient to illustrate the law wthout venfjTng 
It by measurements, and m this case a simple glass tanL mil do well instead 
of the apparatus above described A convenient form of tank for refrac- 
tion expenments can be made out of a Un biscuit-box Leave the top of 
the box open, cut a sht (about i inch broad) down one of the sides, and 
fasten a stnp of glass water-tight against this with manne glue. Cut a 
circle out of the front of the bo'x (or cut the front out leaving a nm round) 
and fasten a sheet of glass m the same way against iL A beam of light 
can be admitted either from the top or the side through a sht m a black- 
ened card. Even a common medicine bottle with flat sides can be used 
It should be painted over with black paint, one side and a circle on the 
front being left clear (see Fig 45) 

Instead of adding milk to the water, a htUe common salt may be dis- 
sohed in it and a few drops of a very dilute solution of silver nitrate added. 
The sbght precipitate of sdver chloride thus produced ■will remain for some 
lime m suspension 

46 Geometrical Oonstruction for jElefraoted Bay — 
We shall first consider the 
case of a ray passing from 
a rarer to a denser medium, 
eg from air into water or 
glass(;x>i) Suppose the 
paths of the inadent and 
refracted rays to be as in 
Fig 43 At the point of 
madence C draw the nor- 
mal to the refracting surface 
AB With C as centre 
draw a arcle cutting the 
inadent qnd refracted rays 
at I and R respectively ■43- 

From I draw IM and from R draw RM' perpendicular to the \ 
normal The ratio of these two perpendiculars is, by definition 
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(Art 44), the index of refractioa Thus if the two media are 
air and water, 

IM 4 

= (mr) M (water) — ~ 

Draw IN and RN' perpendicular to the surface AB 
Clearly IM = CN and RM' = CN' 


Thus S = orCN' = ^ CN 

CN 3 4 

Hence the following geometrical construction for findmg the 
path of the refracted ray 


Given ihe path of a ray in air, to find tJte fath of the 
refracted ray in water = ^ Let IC be the incident ray 

From 1 draw IN perpendicular to the surface AB Divide 
CN into four equal parts From C, on the opposite side, lay 
off CN' equal to three of these parts At N' draw a perpen- 
dicular to the surface AB With C as centre and Cl as radius 
desenbe a circle cutting this perpendicular at R. Join CR. 
CR is the path of the refracted ray 

If the second medium be glass = modify the con 

struction as follows Divide CN into three equal parts 
From C, on the opposite side, lay off CN' equal to two of 
these parts 

In general, if the index of retraction be p, CN' must be 
taken equal to — CN 

NoUce that as^>i, CN'cCN Hence the point N' must fall Inside 
the circle (to the left of B) for however great the angle of incidence, CN 
cannot be greater than CA (the radius) Hence also the pierpendicular 
from N' will always cut the clrde. For ei'ery possible position of the 
incident ray there is a corresponding refracted ray Thus the construction 
is always possible when the ray is passing from a rarer to a denser 
medium 


47 Refraotion from a Denser into a Rarer 
Medium. — In any case of refrachon the incident and re- 
fracted rays may be supposed to change places (the direction 
in which the light travels being reversed) Thus in Fig 43, 
if RC be supposed to represent an incident ray. Cl would be 
the corresponding refracted ray in air This is equivalent to 
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Stating that -nhen the direction of the ray is reversed the index 
of refraction is reversed Thus, if the index of refraction for 
light passing from air into a denser medium is /f, the index of 
refraction for light passing from this denser medium into air 

will be the reciprocal of /r, or - 

In the cases of w ater and glass we have 

_ 4 _ 3 

(air) 1 ^ (water) — (water) (air) — ^ 

3 2 
(air) V- (glass) — 2> (glass) (air) — ^ 

Given ihe ^a(h of a ray in vjoier^ to find the path of the 

lefracted ray in air (/^=|) Let IC (Fig 44) be the inadent 

ray From I draw IN perpendicular to the refracting surface 
AB Divide CN into three 
equal parts From C, on 
the opposite side, lay off 
CN' equal to four of Uiese 
parts From N' draw a 
perpendicular to the sur- 
face AB With C as 
centre and Cl as radius 
desenbe a arcle cutting 
this perpendicular at R 
Join CR CR IS the path 
of the refracted ray 

If the ray be travel- 
ling from glass into air 

(in which case modify the construction as follows 

Divide CN into two equal parts From C, on the opposite 
side, lay off CN' equal to three of these parts 

In general, if the index of refraction be y. (reckoned in the 
direction in which the light is travelling), CN' must be taken 

equal to ^ CN 

Now notice that as y is here <1, CN'>CN Hence the 
point N' may fall outside the arcle. ^Vhen it does, the 

N 
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perpendicular through N' to the surface wll not cut the circle 
at ^1 

48 Bxperanental Verifloation — Before proceeding 
further with the question of refraction into a rarer medium, the 
statements already made should be vended 

Expt 25 — Using the same apparatus as m E\pt 24, 
throw the beam of light upward through the water, adjusting 
the mirror so that the beam meets the surface of the water at 
O Measure off the perpendicular distances to the normal 
and see whether they are in the ratio of 3 to 4 (they Mere in 
the inverse ratio — 4 to 3 — when the ray passed from air 
through water), or mark the positions of the incident and 
refracted rays and then reverse the direction — sending the 
incident ray along the path previously followed by the refracted 
ray Notice that the refracted ray in air now follona the 
path of what was before the incident ray 

Send the light \ ertically upwards through the water it is 
now incident normally on the surface and passes straight 
through without any deviation 

Gradually increase the angle of incidence The angle of 
refraction increases at the same time, but more rapidly The 
light is not all refracted some of it is reflected from the 
surface of the water according to the usual law, and the 
amount thus reflected increases with the angle of incidence 
As you increase the angle of incidence the angle of refraction 
increases from 0° to 90°, beyond which it clearly cannot 
increase When the angle of refraction is 90° the refiacted 
raj just grazes the surface of the water the corresponding 
angle of incidence is called the critical angle Its value for 
water is about 48°^ 

Just at this point a very remarkable thing happens As 
soon as you increase the angle of madence beyond the cntical 
angle the refracted ray disappears enbrely and the reflected 
raj'' increases greatly in bnghtness None of the light escapes 
into the air it is all reflected (Fig 45) The reflection is 
said to be total or complete It takes place according to the 
usual law, but differs from ordinary reflection in the respect 
that It IS more complete, none of the light being scattered (as 
is the case with even the best polished mirrors) 
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We shall see presently that the critical angle has different 
values in the case of different substances, depending upon the 



Fig 45 —Total Reflection 


index of refraction For the present remember that our 
experiment has proved the following result If a ray of light 
in water is inadent upon the surface at an angle gi eater than 
the critical angle, it cannot get out into the air but is totally 
reflected back into the water 

40 The Critical Angle — Look at Fig 44 again The 
angle of refraction (in air) is not far from 90" If you ere to 
increase the angle of incidence gradually, you would reach a 
point at which the angle of refraction would be exactly 90°, 
and the refracted ray would then just graze the surface of the 
water For m Fig 44 N' is not far from B As CN 
increases CN' increases in the same ratio and ultimately 
becomes equal to CB (the radius of the circle) N' now 
coinades wath B, and the perpendicular to the surface through 
N' becomes the tangent touching the circle at B (see Fig 46) 
CB IS the refracted ray The corresponding angle of incidence 
(0 = ICM) IS the critical angle For any ray incident at an 
angle greater than this, the point N' would fall outside the 
arcle The perpendicular to the surface through N' would not 
cut the circle at all, and the usual construction for finding the 
refracted ray m air would cease to be possible There would 
be no refracted ray the light would suffer total reflection 
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To find the cntical angle for light travelling from water into 

air = proceed as follows Take as centre any point C 

(Fig 46) in the line separating the air from the \sater with 

any radius descnbe a circle 
cutting this line at B 
Divide CB into four equal 
parts From C, on the 
opposite side, lay off CN 
equal to three of these 
parts From N draw a 
perpendicular to the sur- 
face cutting the circle at 
I Join IC The angle 
ICM IS the cntical angle 
If you measure it with a 
protractor you wll find that 
It IS about 48“.^ 

You can easily see how 
the construction would have to be modified for any other 
media In the case of hght travelling from glass to air 

= take CN equal to two-thirds of the radius CB In 
gener^, if /r be the relative index of refraction, take CN = yu. CB 

We have hitherto supposed the refractive index to be 
measured tn tiu direction in ivlnch the light ts travelling, 
fj. being greater or less than unity according as the hght is 
passing into a denser or a rarer medium. In future we shall, m 
general, use /t to denote the relative index for refraction from the 
rarer into tJu denser medium (fi> i), and when the contrary is 
not stated it may be assumed that the first medium is air 

CB 

Using this notabon we should have to take CN = -^ m the 

above construction for finding the cntical angle. Observe that 
as the refractive index increases the cntical angle dimmishes — 

Refr ACTIVE Ikdex CriticAl Angle. 
Water 1 33 48°4 

Benzene i S° 4 ^ 

Crown Glass (about) 1 56 4 ^° 

Flint Glass (about) i 66 37* 

Carbon Bisulphide i 67 36°^ 

Diamond a 47 34° 
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50 Total Reflection — Suppose A (Fig 47) to be a 
source of light under the surface of water A ray proceeding 
vertically upwards from it passes out into the air Avithout 
suffering any deviation Rays on each side of this are 
deviated more and more as the angle of incidence mcreases 
Beyond a certain point the rays can no longer escape into the 
air but are totally reflected back into the water The critical 
angle separates the rays which are refracted into the air from 
those ivhich are totally reflected 



Fie 47 

Again, suppose the direction of the rays to be reversed 
All possible refracted rays reaching the point A are mcluded 
within a cone of semi-vertical angle = 48°^ (see last article) 
Thus, to an observer under the water in a pond, all objects 
above the surface of the water (how'ever far on either side) 
would appear crowded together w'lthin such a cone On 
looking beyond this cone (t e m a direction more inclined to the 
vertical) he would only see, by total reflection from the surface 
of the water, objects lying farther off at the bottom of the 
pond 

Expt 26 — Hold a glass of water between your eye and 
the light, and raise it so that the surface of the water is above 
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the level of >our eye. Looked at thus from below, the surface- 
of the water appears like quicksih'er 

Place a spoon in the glass You can see nothing through 
the surface of the water, but the lower part of the spoon can 
be seen by reflection more perfectly than m a mirror 

Expt 27 — Lay a glass pnsm (Art 57) face downwards on 
a pnnted page If jou look at it directly from above, you can 
read the pnnt through the glass but if you shift your eye to 
one side and lower it gradually, you wall come to a point at 
which the pnnt suddenly becomes invisible, and the face of the 
pnsm appears bnghter than a sheet of polished silver 

The same appearance is well showai by glass cubes such as 
paper-weights and ink-pots Whatever may be the direction 
of a ray incident upon one of the sides of the cube, it is refracted 
so much as to make wath the base an angle less than the 
cntical angle Consequently all the light incident upon the 
base of the cube is reflected with the bnHiancy charactenstic 
of total reflection 

Expt 28 — Place a lighted candle m such a position that 
It can be seen by total reflection from the internal surface of a 
glass prism. Then turn the pnsm so that the candle is seen 
by ordinary reflection from one of the faces Compare the 
bnlhancy of the two images 

Expt 29 — Hold an empty test-tube slantwase in water and 
look at It from above it looks as if it w ere filled with mercurj' 
The light which passes through the water cannot escape inta 
the air inside the test-tube, but is totally reflected upwards 
Pour water gradually into the tube the bnlliant reflection 
disappears as the water rises 

Expt 30 — The preceding experiment can be modified so 
as to afford a direct comparison between the bnlhancj of total 
reflection and that of ordinarj' reflection from the surface of 
mercury For if the lower part of the tube be filled with 
mercurj' it will be found that the reflection from this is not 
nearly as bnght as that from the upper (empty) half 

The tube should be inclined at about the angle shown in 
Fig 48, apd a sheet of white paper should be laid on the table 
in front (PP') 
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Good examples of total reflection are often sliown by cracks 
m panes of ivindow-glass when looked at obliquely In many 
physical instruments the pnn- 
aple of total reflection is use- 
fully employed for example, 
in the reflectmg pnsms of 
spectroscopes If it is desired 
to reflect through the slit of a 
spectroscope light proceeding 
from a source A at one side 
(Fig 49), there is placed in 
front of the slit a glass pnsm, 
the section of which is a nght- 
angled isosceles tnangle The 
light from the source A enters 

normally through one of the faces of the pnsm and falls 
upon the hypotenuse at an angle of incidence of 45° Since 

this IS greater than the cntical angle 
A A (Art 49) of the glass, the light is 
totally reflected At the same time 
yA It IS deviated through an angle of 

f — ^ ^ ^ 90°, so that It emerges normally from 

the other face of the pnsm and enters 
the sht 

Fig ^9 

61 In explaining any of the facts 
or defining any of the terms referred to in this chapter you 
will find It best to do so with reference to the diagrams (at 
any rate if vou -wish to avoid the use of tngonometncal terms) 
But for the purpose of recapitulation the following definitions 
may here be given 

Index of Refracttoji — If points be taken in the incident and 
refracted ray^ equidistant from the point of incidence, and if 
from these points perpendiculars be drawn to the normal, the 
ratio of the perpendiculars is constant for any pair of media, 
and is called the index of refraction 

Critical Angle — When a ray of light is travelling from a 
denser towards a rarer medium, there is a certain angle of 
inadence such that the corresponding angle of refiaction is 
90 , and this angle of incidence is called the critical angle for 
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the two media Or — The cntical angle is that limiting angle 
of incidence which just allows a ray travelling m the denser 
medium to escape into the rarer one — the refracted ray grazing 
the surface of separation of the two media. 

Total Rejlecti 07 t is the reflection of light from the surface of 
separation of two media when the incident ray is m the denser 
medium, and the angle of incidence is greater than the critical 
angle 

Observe that two conditions are necessary before total 
reflection can occur — 

(1) The incident ray must be travelling from a denser 
medium towards a rarer one 

(2) The angle of madence must be greater than the cntical 
angle 

62 Alternative Construction for Eefracted Ray — Let IC 
(Fig 50) be n ray travelling in water and incident upon the surface at C 



Let IN be drawn perpendicular to the surface, and let CR be the direction 
of the refracted ra) in air, as found by the construction gnen in Art. 47 
Produce RC backwards to meet IN nt R.' The tnangles CNR' and 
CN'R are similar for the opposite angles at C are equal, and the angles 
at N and N' are right angles. Hence the sides about the equal angles at 
C are proportional 

Now CN=:3 CN' 

4 

CR'=^ CR=3 CI 
4 4 


and therefore, 
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This gives us another construction for finding the path of the refracted 
ra> Let 1C be the incident ray Draw IN perpendicular to the surface 
of separation Divide Cl into four equal parts Along IN find a point 
R' such that CR' is equal to three of these parts Join R'C and produce 
It this is the jKith of the refracted ray in air We shall use this construc- 
tion m the next article. 

63 Image of Point under Water — Refer back to Fig 47 
Suppose any two consecuUve rays in the figure to represent the extreme 
rays of a pencil of light proceeding from the point A and entering an 
observer's eye after rcfiaction into the air Draw a similar figure on a 
larger scale produce the refracted rays backwards, and determine the 
point at which they intersect m the water This point is the image of A 
You will find that it differs for different pairs of rays the position of the 
virtual image depends upKin the position of the observer s eye 

When the oteener is at a great distance the image is very near the 
surface As he moves nearer the image moves farther down The 
motion of the image finally becomes very slow, and when the observer s eye 
IS vertically above the object, the image is formed on the vertical line at 
a depth below the surface equal to three -fourths of the depth of the 
object 

For let P (Fig 51) be a luminous point under water A ray of light 
PNN' incident normally passes through into the air without deviation, and 
the image of P is formed on this vertical hne. The rays by which the 
observer sees this image are not aU vertical but form a small divergent 
pencil Let PC be any one of the rays refracted along CR Produce 
RC backwards to meet the normal at P' Then, accordmg to the last 
article, 

CP'=5 CP 
4 

But, smee the pencil of rays entering the eye is very small, C very 
nearly coincides with N and R with N' Hence w e have, approximately 

NP'=3 NP . 

4 

All nearly normal rays proceeding from P will, after refraction, appear 
to proceed from P' P' is the virtual image of P as seen by an eye 
vertically above. 

Suppose P to be a jKimt at the bottom of a pond to an observer 
looking vertically down, the depth of the pond would only appear to be 
three fourths of what it really is WTien the line of vision is oblique, the 
apparent depth is still smaller Thus a pond or stream of uniform deptli 
appears to be deepest vertically beneath the observer , and the bottom 
presents a wav^ appearance the trough of the wave being just beneath 
him 

For the same reason, a speck on the underside of a thick glass slab 
appears nearer than it really is In general, the apparent thickness of a 

la>er of any transparent medium is -, when t is its real thickness, and p. 
the index of refraction for light traveling from air into the medium 
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Expt 31 — Focuj a microscope upon any well defined object, such as 
a metal s^e, small print, etc. Place a thick sheet of glass upon the 
object and look through again. You will find that it Is now out of focus 
and that the tube of the microscope has to be raised in order to focus the 
object again. 

The eflfect of mterposing a stratum of water can be observed by pouring 
water into a flat bottomed glass standing on a printed page. 


64 . Eofractlon through a Plate — By a plate is here meant a 
piortion of a refracting medium contained between two parallel planes. 

Let QA (Fig 52) be a ray of light incident obliquely at A upon such a 
plate, ego. sheet of glass On entering the plate at A the ray is refracted 

towards the normal along AS and falls 
upon the second face of the plate at S. 
since the two faces of the plate are par- 
allel the angle of incidence of the plate 
at S is equal to the angle of refraction 
(BAS) at A. Hence (see Arts. 47, 48) 
the angle of refraction (into air) at S 
must be equal to the angle of inddence 
at A, and the emergent ray ST is far 
allel to the incident ray QA 
At the same time it must be noticed that the ray in passing through the 
plate is shifted to one side or laterally displaced The amount of this 
lateral displacement increases with the thickness of the plate, its 
refractive index, and its inclination to the incident ray 
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Fig 55 


Expt 32. — Draw a few straight lines on a sheet of paper, and place a 
piece of plate glass on the paper so as to cover a portion of the lines 
Looked at normally through the glass the lines still appear straight (Fig 
53) But if you move your eye to the right or left the lines appear broken 



Fig 53.-NOHMAL Virw Fig 54 — OnciQui. Vilh 

Latenu uisplaccmciit produced glais plate 


at the edge of the plate (Fig 54) Fhc parts seen through the glass are 
still straight, but arc shifted in the s,amc direction ns jour ejc. 
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The same effect is observed when the eye is kept fixed and the plate 
itself IS tilted 

EIxpt 33. — The abot e expenment can be repeated ^^^th hquids, using 
a parallel sided glass trough such as that shown on p 90, and affords a 
simple method of proving that different liquids have different refractive 
indices 

Half fill the trough wath water and hold it obliquely in front of a 
straight hne drawn on a vertical sheet of paper observe the lateral dis- 
placement 

Now fill the trough up vvath turpentine which will float on the surface of 
the water The line appears broken just where the water and turpentine 
meet, the part seen through the turpentine being more displaced than the 
part seen through the water From this it follows that turpentine must 
have a higher refractive index than water, for the thickness and the inclina- 
tion are the same for both hquids 


65 It can be shown by experiment that the direction of a ray 
emerging from a plate is parallel to that of the incident ray We might 
have started wnth this as an expenmental fact, and then have deduced from 
this the statement made in Arts 47, 48 vir. that the index of refraction 
from any medium into air is the reciprocal of the index of refraction from 


air into that medium 

The interposition of a 
plate of glass not only causes 
a lateral displacement, but 
also makes an object appear 
nearer than it reallv is Thus 
to an observer looking at a 
point S (Fig 55) through a 
glass plate, the apparent 
posmon of the point is at 
b' — to one side and nearer 
This latter result is not only 
produced when the incidence 
IS oblique, but also when it is 
normal (see Art. 53) 
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E.VPT 34. — The effect of intciposing a glass plate m anv position mi) 
be shown as in Expt 31 


56 Multiple Images — Refracuon plays a part in the production of 
the multiple images descnbed in Art 25 Suppose a ray of light from a 
source S (Fig 56) to fall upon a plate glass mirror Part of the light is 
reflected from the front surface of the glass, and produces an image w hich 
IS seen in the direction of S' Pan of it is refracted into the glass and 
then reflected from the silvered surface of this, a part is again refracted 
into the air, producing the bnght image seen in the direction of S° But 
another part is reflected back into the glass, and after further reflection 
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from the back of the plate and refraction into air proceeds parallel to the 



Fig 56.— Multiple Images Paths of Rays. 


other ra>s and produces the image Si Thus a senes of images of 
graduall) decreasing bnghtness is produced 

67 Befraction through PrlBcas — \ pnsm is a wedge-shaped 
portion of a refracting medium contained between two plane faces The 
angle between the faces is called the refracting angle of the prism, and the 
line along which the faces meet is called the edge of the prism fig 57 
represents an equilateral glass prism (the section of which is an equilateral 
tnangle) 

Let abt. (Fig 58) be a section of a pnsm of which the refracting angle 



Fis 57 Fig 56 

IS at c We shall suppose the prism to be of glass or other substance 
optically denser than air A raj such as DE incident upon one face of 
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thepnsm at E is refracted towards the normal and travels through the 
pnsm in the direcUon EE' On leaving the pnsm at E' the ray is passing 
from a denser to a rarer medium hence it is refracted away from the 
normal along E'D' Thus, in our figure, the ray at each refraction is 
turned away fi-om the edge of the pnsm or towards its base. 

Produce DE and D'E' to meet The angle FGD' is called the angle 
of deviation it is the angle between the directions of the incident and 
emergent rays, and measures the total deviation produced bj the pnsm 
The deviation is always away from the edge of the prism 

The glass pendants attached to chandeliers are usuallj tnangular pnsms 
and can be used for illustrating the behaviour of pnsms The effect of 
interposing a pnsm between your eye and an object is to shift the apparent 
position of tlie object towards the edge of the pnsm Thus an observer 
at D (Fig 58) looking through a pnsm at an object D' would see a 
virtual image of it at F 

68. Mtntmnm Deviation, etc. — The deviation produced bj a pnsm 
depends not only upion its angle and refractive index but also upon its 
position with reference to the direction of the incident hght. It can be 
proved that the deviation is least (or a minimum) when the angles of 
incidence and emergence are equal WTien this is the case the path of 
the ray within the pnsm is equally inclined to the two faces (as in Fig 58), 
and the posiuon of the pnsm in w bich this occurs is called the 'position of 
■minimum demotion This is the position in which pnsms are usuallj 
placed in optical e.xpenments 

In the case of pnsms of small angle (saj up to 15°) the deviation is 
approximately proportional to the angle of the pnsm. This should be 
borne in mind when we come to consider how a lens acts (Art. 63) 

E.VPT 35. — On a table or drawing-board place a pnsm with its edge 
vertical. Bejond the pnsm stick a pm (to represent a source of light) 
Look through the pnsm and note the apparent posiuon of the pm , this 
depends upon the position of the pnsm Twist the pnsm slightlj , first in 
one direction and then in the other find bj tnal the position m which the 
deviauon is a minimum 

By using four pins — two on one side of the pnsm and two on the other 
— jou can fix the directions of the incident and emergent raj's and then 
measure the deviation (WTien the pins are properly adjusted thej should 
ill appiear to be in a straight line.) Do this with two pnsms of the same 
angle but of different matenals and observe that the deviations are 
different e g n. pnsm of flint-glass produces a greater deviation than one 
of crown 

69 Objects seen through pnsms gcnerallv exhibit coloured edges the 
cause of this will be e.vplamed m Chap IX. 

Several of the eipenments desenbed m the present chapter are suitable 
for projection with the lantern eg Expts 31-34 

The effect of heat in altenng the reftactive index of hquids and gases 
Iws been referred to in pp 90 and 93 
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Examples on Chapter VI 

1 Explain the apparent bending of a stick vhen dipped into water 
stating broadly from experience the most favourable conditions for observ- 
ing the effect 

2 Light falls at a given angle on a plane refracting surface, for which 
the refractive index is 5/4. Show, by a geometncal construction, drawai 
as well as you can, to scale, how to find the path of the refracted raj 
(Apply the construction given in Art a6 ) 

3 A ray of light passes from one medium into a second, the angle of 
incidence being 60° and the angle of refraction 30° show that the index 
of refraction is V3 

4 The cntical angle for a certain medium is 45° show that its index 
of refraction is V2 (See Art 49 ) 

5 Draw accurately the path of a raj of simple light through a 45° 

pnsm of glass, whose index of refraction is | drawang the raj incident on 

one face in a direction perpendicular to the other face 

6 The shadow of a red-hot poker is cast on a white screen by means 
of a lime-light lantern Explain the smoky appearance on the screen just 
above the shadow 

7 Explain the qunery appiearancc seen above hot backs or rocks, and 
the streaky appearance of water in which ice or sugar is being dissolved 

8 Draw figures showing the path of a ray of red light through a glass 
prism m the three following cases — 

( 1 ) When the incidence is very obhquc 

(2) When the deviabon is a minimum 

(3) When the incidence is normal 

9 How would you determine by expenment the path of a mj of light 
through a glass pnsm? 

10 A cube of clear glass is placed on a honrontal sheet of white paper 
so that the middle of its lowest face is over a black spot on the pafier 
Draw and explain diagrams to illustrate the apparent position of the spot 
to an observer looking at it (i) through the top (2) through one of the 
side faces of the cube. 
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60 A lens is a portion of a refracting medium bounded 
either by two cun'ed surfaces or by one plane surface and one 
curved surface The only lenses which e shall consider are 
glass lenses of which the curved surfaces are portions of 
spheres We shall further assume that the greatest thickness 
of the lens is small compared mth the radii of curvature of 
the surfaces 


61 Kinds of Irsnses — Lenses may be divided into tvo 
classes — 

I Those which are thicker at the centre than at the edge 
These are called convex or converging lenses Sections 



Fig 59 



Fig 6o. 



of three lenses of tins kind are shown in Fig 59 Of these 
A has two convex surfaces and is called a double-convex lens , 
B has one plane and one convex surface and is called a ^la/io- 
convex lens , Ashile C is called a co7iverging meniscus 

II Those which are thinner at the centre than at the edge 
These are called concave or diverging lenses Three 
lenses of this kind are shown in Fig 60 Of these D is a 
double concave and E a plano-concave lens, while F is a 
diverging meniscus 
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62 The principal axis of a lens is the line joining the 
centres of curvature of its two sphencal surfaces The axis 
of a plano-convex or plano-concave lens is the line -which passes 
through the centre of curvature of the sphencal surface and is 
perpendicular to the plane surface 

A ray of light travelling along the axis of a lens falls 
normally on both refracting surfaces, and therefore passes 
through the lens without suffenng any deviation 


63 How a Lens Acts — In any rowwarlens the inclination 
of the two faces towards one another increases as ive go out- 
wards from the centre 



Fig 6i 


(or axis) of the lens 
tow'ards the edge. 
Thus we may imagine 
the section of the lens 
tobe made up of a num- 
ber of pnsms of gradu- 
ally increasing angle, 
as shown m the accom- 
panying diagram 
We know that a ra) 
of light in passing 
through a pnsm is 
deviated towards its 
base, and that the 
amount of the devia- 
tion increases as the 
angle of the pnsm in 
creases Now suppose 
a beam of parallel rays 
to fall upon the prism- 
lens, shown m Fig 6i 
The rajs would be 
bent towards the axis, 
those near the edge 
being deMated more 
than those nearer the 
centre. The result 


would be to convert the parallel beam into a convergent penal 
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This IS the way in which convex lenses act Their general 
effect IS to render ttansmttied rays more convergent 

The section of a concave lens may be regarded as being 
built up of a number of prisms of gradually-increasmg angle, 
arranged with their bases outwards (or away from the centre) 
The general effect of such lenses is to rende? transmitted rays 
more divergent 

Thus the properties of convex lenses are similar to those of 
concave mirrors , while the properties of concave lenses are 
similar to those of convex mirrors 

04 . Optical Centre of a Lens — The axis is not the 
only direction m which a ray of light can pass through a lens 
wthout suffering de\aation There is one point on the axis of 
every lens such that, if the path of a ray within the lens passes 
through this point, the emergent ray is parallel to the incident 
ray This point is called the optical centre of the lens, and 
any line passing through it is called a secondary axis of the 
lens In the two accompanying diagrams of convex and 
concave lenses O is the optical centre, and the line lOT is a 
secondary axis At the points I and I' where this hne meets 
the lens its two surfaces are parallel to one another, and 
consequently the lens acts upon a ray traversing it in this 
direction just as if it were a parallel-sided plate the ray 
emerges parallel to its direction before incidence, but suffers a 
slight lateral displacement 
(Art. 54) 

The optical centre is some- 
times simply referred to as 
the centre of the lens It is 
not necessarily the geomet- 
ncal centre indeed in the 
case of a meniscus it may be 
altogether outside the lens 
But in the common tjqies of 
lenses shown m Fig 62 
(double-convex and double- 
concave lenses with surfaces 
le optical 
wnth the 

geometncal centre, or is midway between the points A and B 

o 


of equal curvature) tl 
centre docs coincide 





194 


LIGHT 


CH VII 


Without explaining how the position of the optical centre is 
determined, we may define it as follows with reference to its 
most important propert)^ — 

The opitcal centre of a lens ts a point on the prtnapal axis, 
and ts such that, if the path of a ray tuithin the lens passes 
through this point, the emergent ray is parallel to the inadcnt 
ray 

Assuming the thickness of the lens to be small, ne may 
neglect the slight lateral displacement produced and regard 
any ray through the optical centre as passing straight through 
the lens without deviation We may further neglect the thick- 
ness of the lens altogether and regard O as coinciding with 
either A or B (Fig 62) 

06 Prmoipal Foous — ^When a pencil of ra} s parallel to 
the principal axis of a convex lens falls upon the lens, the rays 
after transmission through it con%erge to a point on its axis 
(F, Fig 63) This point is called the principal focus 



Fig 63 — Convex Lens Pkinctpal Focus 


Since the rays actually pass through the point, the focus is 
clearly real 

In the case of a concave lens the transmitted rays diverge so 
as to appear to come from the pnncipal focus (F, Fig 64), 
which is therefore virtual 

66 Focal LengtlL — The pnnapal focal distance or 
focal lengtli of a lens is the distance between the pnncipal 
focus and the lens itself (or, more stnctlj, its optical centre) 
This IS usually denoted by the letter 
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Applying the rules for signs given in Art 30, it ivill be 
seen that the focal length of a convex lens is negative^ while 
that of a concave lens \'s, positive For all distances have now 
to be measured from the lens (or its optical centre) Now in 
the case of the convex lens (Fig 63) the source of light is on 
the nght hand of the lens, and the pnncipal focus is on the 
left hand Hence the focal length (CF) is negative ( - ) 

In the case of the concave lens (Fig 64) the principal 
focus IS on the same side as the source of light (the nght hand), 
and therefore the focal length is positive ( + ) 



Fig 64. — Concave Less pRiNaPAL Focus, 


67 Parallel Beam, — We may always suppose the 
direction m which a ray of light travels to be reversed it will 
then exactly retrace its onginal path Applying this pnnciple 
of reversal to the convex lens (Fig 63), we see that, if the 
path of an incident ray passes through the pnncipal focus, the 
ray vail, after transmission, go off parallel to the pnncipal 
axis 

Thus a parallel beam of light can be obtained by placing a 
luminous point at the prmapal focus of a convex lens As a 
source of light we may use a small bnghtly-illuminated hole m 
a cardboard screen (Art 37) 

A more powerful beam of parallel light can be obtained 
from the optical lantern, the source of light being placed at the 
pnncipal focus of the ‘ condenser,’ which usually consists of a 
pair of piano convex lenses Convex lenses are used m the 
same maimer in lighthouses, in signal lamps, and in the 
common ‘bull’s-eye’ lanterns 
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08 Conjugate Foot — The following proposition can be 
proved by the laivs of refraction to be very approMmately true, 
and we shall presently see that expenment confirms it When 
rays from a luminous point on the pnncipal axis of a lens fall 
upon It, the transmitted rays either converge to another point 
on the axis or appear to diverge from such a point In the 
former case (when the rays actually pass through it) the point 
IS called a real focus m the latter case (when they only appear 
to diverge from it) it is a virtual focus 



Fig 65. Conjugate Focus (Real) 


In the case of a convex lens the focus is real when the 
source of light is beyond the pnncipal focus of the lens, and is 
virtual when it is nearer to the lens than the pnncipal focus 
For we have seen that rays divergmg from the pnncipal foCus 
of a lens are rendered parallel by transmission through iL 
Now if the source of light be at P (Fig 65), beyond the 
pnnapal focus (F), the divergence of the incident rays is less, 



Fig 66 Conjugate Focus (Virtual). 

and by transmission through the lens they are made to 
converge to a point P' on the other side 

If the source of light be nearer, as at / (Fig 66), the 
divergence of the inadent rays is greater than when the 
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source is at the pnncipal focus thus the lens cannot even 
render them parallel, but it diminishes the divergence so that 
the transmitted rays appear to diverge from a point p on the 
same side of the lens but farther off 

In Fig 65 P' IS the image of P fonned by the lens Now, 
if you suppose the direction in which the light travels to be 
reversed, it will be clear that P is also the image of P' The 
pomts P and P' are called conjugate foci, with respect to the 
lens they are so related that one ts the image of the other as 
formed the lens This may be taken as a definition of 
conjugate foa when both are real 

When one of the foci is Tnrtual the case is somewhat 
different Thus m Fig 66 f is the image of whereas p 
would not be the image of p But the pnnciple of reversal 
still holds good a pencil of rays converging Xo p would after 
transmission through the lens converge to p 


69 Equation, for Conjugate PooL — It can be proved 
that the distances of the conjugate foci P and P' are connected 
b) the relation 


^ * A 

J^p'p 

where f denotes the focal length of the lens, p the distance 
of the point P (the object or source of hght) from the lens, 
and p' the distance of P' (the corresponding focus or image) 
from It 

This IS the fundamental equation for lenses, and with the 
proper conventions as to signs (see Arts 30 and 66) it holds 
good for both convex and concave lenses. 

Compare this with the equation for mirrors given on p 152 
You wall be less liable to confuse the two if you at once notice 
(i) that the present equation contams a minus ( — ) mstead of 
a plus sign, and (2) that the term containing p' comes first 


*70 The farther a source of hght is from the lens, the more nearly 
parallel are the rays which proceed from it to the lens In fact we may 
regard parallel rays as being such as proceed from a source at an infimte 

distance. In this case Ji is infiniteh great and ^ is infinitely small or =0 
Equation (i) now reduces to 
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which is in accordance with what was stated in Art. 65 The image of an 
infinitely distant source of light (e g the sun) is formed at the pnncipal 
focus of the lens 


71 Examples. — i The focal length of a convex lens is 15 cm 
Rays of light diverge from a jxiint on the pnncipal axis of the lens and 
20 cm in front of it to what point will they converge after refraction 
through the lens ? . 

Let p' be the required distance of the conjugate focus from the lens 
Since the lens is convex, its focal length is negatne thus f= — 15, 
and / = + 20 Inserting these values, witk thetr proper signs, in 
the equation 

I _ 1 I 

we get 

1 _ I I 

15“/' 20 

„ III 

Thus — 

p 20 IS 

^ 3 - 4 _ _ 1 
60 60 

or/>'= -60 cm The refracted rays conierge to a point 60 cm 
behind the lens (as in Tig 65) 


2 If the luminous point in the last example were 12 cm from the lens 
how would the rays b^ave after transnussion through the lens ? 

Here^= +12 and / as before = - 15 Inserting these values in the 
equation, we get 


Thus 


I _ 1 I 

15“/ il 


I _ I 1 

p'~ n 7s 


_5-4_ I 
60 60 

and/'=+6ocm The conjugate focus is on the same side of 
t^^'lens as the luminous point This is what might have been 
expected for the source of light is at a smaller distance from the 
lens than its focal length This case corresponds to that illustrated 
in Fig 66 the transmitted beam is divergent and appears to 
proceed from a virtual focus 60 cm from the lens and on the 
same side as the incident light 


3. Rays of light diicrging from a point 6 in before a lens arc brought 
to a focus 18 in. behind it what is the focal length of the lens ? 

Hcre/= +6 and/'= - 18 The value of/is given bj the equation 
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and 


i_ I I 
f~ ~i8“6 

18 18 9’ 



The focal length is - 4J in Since it is negative, the lens mnst be 
convex 


Convex Lenses 

V 2 Q-eometrioal Oonstruotaon for Image — Images 
produced by convex lenses may be either real or virtual In 
discussing the formation of images by lenses we shall make 
use of geometrical constructions similar to those employed in 
the case of mirrors (see Arts 32, 33, and 33) 

Among the many rays which proceed from any luminous 
point to the lens, there are three whose directions after refrac- 
tion are easily followed — 

(1) Any ray whose path passes through the optical centre 
may be regarded as passing straight through the lens (Art 64) 

(2) Any ray parallel to the pnncipal axis is refracted so as 
to pass through the pnncipal focus 

(3) Any ray whose path passes through the pnnapal focus 
will, after refraction through the lens, proceed parallel to its 
pnncipal axis 

If we wish to find the image of any luminous point, we need 
only follow out the directions of two of the above-mentioned 
incident rays — say (i) and (2) — and find the point of inter- 
section of the refracted rays this is the image of the luminous 
point If the refracted rays actually intersect at this point, 
the image is real if they have to be produced backwards 
(in front of the lens') before they intersect, the image is 
virtual 

73 Real Images — Let AB (Fig 67) be an object in 
front of a convex lens whose optical centre is at O and prin- 
cipal focus at F OF is the direction of the principal 
axis 

Join AO and produce it the image of A lies somewhere 
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along this line (which is the secondary axis through A) From 
A draw a second incident ray parallel to the principal axis 



Fig 67 —Real, Ili-erted, and Enlarged Image. 


the corresponding refracted ray passes through F The image 
of A lies somewhere along this ray it must therefore be 
formed at a, a here the two refracted rays intersect 

Similarly the image of B is found to be at l> The images 
of points lying betiveen A and B are formed at corresponding 
points between a and d ab is the image of AB 

The image is real Not only can it be seen by an eye 
placed in a suitable position, but it can also be thrown on a 
screen (see E\pt 37) 

In Fig 67 the image is enlarged, but this is not always the 
case We shall see in the next article that the size of the 
image depends upon the distance of the object from the lens, 
and that it may be either enlarged or diminished This will 
also be evident from the following consideration WTienever 
a real image is formed, the image and object may change 
places Thus if ab in Fig 67 were an object, AB would be 
Its image, and m this case the image would clearly be smaller 
in size than the object 

The object and its real image are always on opposite sides 
of the lens , and, since the rays w'hich pass through the centre 
(O) of the lens cross each other at this point, the real image 
is always iirverted 

74 . Relative Sizes of Image and Object — In order 
to find the relative sizes of image and object, we take as our 
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object the straight line AB (Fig 68 ) drawn perpendicular to 
the pnncipal axis BCF of the lens The image of A is at a, 
the position of which is found by the usual geometncal con- 



Fig 68. 


struction The image is completed by drawing ab perpendicu- 
lar to the principal axis (the image of B being at b on the 
axis) 

The tnangles abQ and ABC are similar , for the opposite 
angles at C are equal and the angles at b and B are nght 
angles Hence (Eucltd, VI 4 ) the sides about these angles 
are proportionals, ue , 

AB“BC 


Now^C is the distance of the image from the optical centre 
of the lens If we suppose the thickness of the lens to be 
small, we may say that bQ is the distance of the image from 
the lens, and BC is the distance of the object from it Thus 
The relative sizes of image and object are as their respective 
distances from the lens 

If we denote the sizes of image and object by I and O, and 
their respective distances from the lens by f and p, we may 
state the result in the form 


1 =^ 
O p 


(2) 


75 The above result is true for all images formed by 
lenses When we come to consider virtual images and con- 
cave lenses, you should follow out the proof for yourself in 
each case. Notice also that here the relative sizes are ex- 
pressed directly in terms of distance from the lens In the 
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case of mirrors (Art 34) the proof was not so simple. The 
diagram (Fig 33) gave the relative sizes in terms of the 
distances from the centre of curvature, and then we had to 
prove that the sizes were also proportional to the distances 
from the mirror itself 

The ratio between the sizes of image and object is 

called the viasntficaiton Here, as usual, the word 'size’ 
refers to linear dimensions 

When an object is placed at a distance zf m front of a 
convex lens of focal length f, a real image is formed at an equal 
distance behind the lens, and the image and object arc of ihe 
same size 

For example, suppose an object to be placed 60 cm in front of 
a convex lens of 30 cm focal length To find the position of the 
image we have to put / = + 60 and /= — 30 in the equation 

1 _ I I 

T?~~p 


Thus 


_ ^ — ♦ 
30 / 60’ 

or 

I 

I I I 


Co 30 ~ 60’ 

and 


/ = - 60 


The image is formed 60 cm, behind the lens. Since the 
image and object are equally distant from the lens, they arc 
also equal in size. 

When the distance of the object from the lens is greahr 
than zf the image is diminished When the distance of the 
object IS less than zf the image is enlarged But no real image 
IS formed when the distance of the object is less than /"(see 
Art. 79) 


76 Examples — i An object is placed nt ti distance of 3 ft in front 
of a lens and the image is formed i ft behind the lens. What is the focal 
length of the lens ? and w hat kind of lens is it ? 

Here j> = 3 and/'= - i 


Thus 


1 _ I I 


f 

13 3’ 
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and f=~ — 

4 

The focal length is J ft or 9 in , and since it is negative the lens is 
convex 

2 An object whose length is 5 cm is placed at a distance of 12 cm 
from a convex lens of 8 cm fo<^ length where is the image formed 
and how long is it ? 

Here - 8 (since the lens is convex) and /= + 12 

The distance of the image from the lens is given by the equation 


or 


8 p’ 12' 

I _ I I 

12 8 ’ 

_ 2 - 3 _ _ 

“ 24 “ 24 


Thus /'= —24 The image is formed at a distance of 24 cm on the 
other side of the lens Since its distance from the lens is twice 
that of the object, its length is also twice that of the object, or 
= 10 cm 


3 I have a convex lens of 15 cm focal length How far from an object 
must I hold It so that it may produce a real image of the object magnified 
three times? 

Suppose p and p' to be the required distances of the object and image 
from the lens Smce the image is to be three Umes the size of the 
object. Its distance from the lens must be three times as great, or 
p' =■ "ip (numerically) 

It must, however, be noticed that in stating the reWtion 


in Art 74, we took no notice of the signs of the quantities p and p' 
Since our image is to be real it must be formed on the opposite side 
of the lens (as in Fig 68) , thus p' is negative and = — 37) 

In the usual equation 

i_ I I 

-f-p'-J 

we have now to put f= - 15 and p'= — op We thus get the 
equation 

r _ II 

"is"' ~^~ P ' 

in which p IS the only unknown quantitj Solving this we find 
that 4-20 Thus the lens must be held at a distance of 20 
cm from the object The image is formed at a distance of 60 cm 
(3 X 20) on the other side of the lens. 
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[In working out questions of this kind a diagram drawn roughlj to scale 
IS an useful guide. You can also check j our work by finding out whether the 
s’alues of/ anrf/' found arc in accordance with the ■value of / given ] 

77 Experimental lUustrationa — The student should 
now perform the follownng expenments wth a convex lens, and 
then proceed to measure carefully the focal length of several 
convex lenses by the methods described in Art 78 The large 
(front) lenses of an opera-glass or telescope will do but the 
best plan will be to get from an optician a few cheap unmounted 
lenses of focal lengths \ arymg from 2 in to i ft (say 5-30 cm ) 
These can be mounted in wood or cork mounts and clamped 
to a retort-stand. For purposes of measurement, the lens, 
candle, and screen are best mounted on the optical bench 
(P 129) 

Expt 36 — Focus the sun’s rays on a sheet of paper by 
means of a strong magmfying-glass The bnght round spot 
of light IS an image of the sun, and is formed at the pnncipal 
focus of the lens (Arts 66 69) The focal length of the lens is 
the distance between it and the image. 

Strong convex lenses are often called ‘burning-glasses,’ 
because they concentrate heat as well as light at the focus 
Bits of paper and chips of wood are easily set on fire by 
focussing the sun's rays on them We have thus a proof that 
‘ radiant heat,’ like light, can be refracted. 

Expt 37 — Place a lighted candle at one end of a dark room. 
In the middle of the room, and at the same height as the 
flame, place a convex lens Move a screen backwards and 
forwards on the other side of the lens until the real inverted 
image of the flame is sharply defined on it Proceed as m the 
case of the concave mirror (p 160, Expts 19 and 20) Notice 
particularly the following points 

The image is real, inverted, and diminished If the distance 
of the candle is great compared wnth the focal length of the 
lens, the image is formed very nearly at the focus If }ou 
lower the candle, the image rises, and vice vet sa the image of 
a point always lies on the secondary axis passing through that 
point 

As the candle moves up towards the lens, the image moves 
away from the lens and becomes gradually larger Measure 
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the distances of the object (p) and image {p') from the lens in 
several positions, and see whether j, - J- remains constant and 

equal to^ (See Axt 69 Remember that ^ is negative here 

If you focus the image carefully, your results should agree with 
the theory ) 

When the candle and screen are at equal distances from 
the lens, the image is equal in size to the flame itself The 
distance of each from the lens is 2/, or the focal length is one- 
quarter the distance between the candle and its image when 
both are equal m size (Art 75) 

As the candle moves still nearer the lens the image moves 
still farther away it is now larger than the object, but remains 
real and inverted This holds good for distances of the object 
between 2/ and / 

When the flame is at the pnncipal focus it gives a parallel 
beam or forms an image at an infinite distance. When it is 
still nearer the lens (J/cf) no real image is produced, but on 
looking at the flame through the lens you see a virtual, erect, 
and enlarged image 

V8 Methods of Finding Focal Length. — The focal 
length of a convex lens can be measured by any of the 
followmg methods — 

I By allowing a beam of parallel rays — or rays from any 
very distant object — to fall on the lens An image of the 
object IS formed at the pnnapal focus (see Expt. 36) 

II The above method can be modified by making use of 
the lens itself to form the parallel beam. 

Suppose F (Fig 69) to be a source of light placed at the 
pnncipal focus of a convex lens C After passmg through the 
lens the rays of light would form a parallel beam Now let a 
plane mirror MM' be held normally in this beam, so as to 
reflect the light back. Each ray would travel back along its 
own path and would agam be refracted by the lens, so as to 
pass through its focus F Thus an image coincident ■with the 
source of light would be produced 

This gives us a simple and accurate means of measuring 
the focal length of the lens It is similar to Method III for 
concave mirrors, and is earned out vrth the apparatus there 
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descnbed (p 162) S S' is a cardboard screen provided with 
hole and cross-threads The hole is brightly illuminated by 



an Argand burner placed behind (at L) The lens is placed 
at a distance from the screen roughly equal to what the focal 
length IS supposed to be The exact distance of the mirror 
from the screen is not important it should be tilted so that 
the blurred spot of light seen on the screen should fall just by 
the side of the hole 

Now move the lens backwards or forwards until this 
blurred spot becomes a bnght image of the hole, wth the cross- 
threads well defined The distance between the screen and 
the lens is now the focal length. 

Ill By throwing a real image of an object on a screen, 
and measunng their respective distances from the lens The 
focal length can then be calculated from the equation 

III 

T?~~p 

As an object we may use a candle-flame or the hole and 
cross-threads above descnbed Measurements should be made 
with the object at different distances The value of /"should 
be calculated from each expenment, and the mean value taken 
as correct. 

w Find by tnal that position of the object which gives an 
equal-sized real image at an equal distance on the other side of 
the lens Measure the distance betw'een the object and the 
image one-fourth of this is the focal length. This is simply 
a special case of Method III 
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70 Virtual Images — ^Virtual images are produced by 
convex lenses when the distance of the object from the lens is 
less than its focal length 

In Fig 70 the position of the focus is marked at F and F' 
on either side of the lens The object AB is between the lens 
and Its pnncipal focus C is the optical centre of the 
lens 



Fig: 70.— Convex Lens Virtdal Ijiage. 


which IS the secondary axis through A From A draw a ray 
parallel to the principal axis of the lens this is refracted 
through the focus F These two rays do not meet, however, 
if they are produced on the left-hand side of the lens But 
if produced backwards they do meet at a point on the sa)}ie side 
of the lens as the object, and this point is the virtual image of 
A The image of B is found in the same way, and lies on the 
secondary axis CB 

An observer looking at the object AB through the lens sees 
a virtual, erect, and enlarged image of it Thus a convex lens 
can be used as a ‘ magnifying-glass ’ or simple microscope for 
examining small objects or reading small print 

The magnification depends upon the relative distances of 
the image and object (Art. 74) These distances are given bv 
the usual equation for conjugate foci (see examples in Art 81) 

80 Table of Results — In the following table f denotes 
the focal length of the lens, which is supposed to be convex. 
Distances are measured from the lens 
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— 

Discance of Odject 

Distance of Image 

Characteristics of Image. 

Infinite 

/ 

Real inverted diminished 

Greater than of 

Betiveen f and af 

Real, inverted, diminished 

=/ 


Real, inverted, equal in sire. 

Between of and f 

Greater than af 

Real, inverted, enlarged 

1 Less than f 

Greater than fi (on 
same side as object) 

Virtual, erect, enlarged 


81 . Examples. — i An object is placed at a distance of lo cm, from 
a convex lens of 15 cm focal length find the position and charactensucs 
of the image. 

Here /= - 15 If /' is the distance of the image from the lens, 

10 

1 _ I ^ _3 “ I 
/~io 15“ 30 ~3o’ 

and/' =+30 The image is formed at a distance of 30 cm 
fixim the lens, and on the same side as the object It is therefore 
virtual and ertcl Since /'=3o and/=io, the image is magni- 
fied three times 

2 If an object at a distance of 3 in from a convex lens has its image 
magnified three bmes, what is the focal length of the lens ? 

There are two solutions to this problem, for the image may be either 
real or virtual In the first case the image ajid object are on 
opposite sides of the lens , in the second case both are on the 
same side of the iens. 

In both cases, since the image is three times as large as the object 
Its distance from the lens must be three times that of the object 
but this only gives us the numerical value of p ’ m terms of p with- 
out stating whether it is positive or negaUve. 

(i) Image real — 

p' IS negative and= — 3/ or= — 9 in 
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Thus 


I _ 1 I 


i_ i_ _4 
9 3 9 



or the focal length of the lens is - 2^ inches. 

(2) Image virtual — 

p' IS positive and =3/= +9 in 

i_i i_ 2 

f ~9 3“ 9’ 


Thus 


and f=--, 

so that the focal length m this case is - 4^ inches 


Concave Lenses 

The general propierties of concave lenses have already been discussed in 
Arts. 65 and 66 

82 Images produced by Concave Lenses are always Virtual, 
Erect, and Diminished. — Let AB (Fig 71 ) be the object, O the 
optical centre of the lens, and F its focus 

A ray proceeding from A parallel to the pnncipal axis will after refrac- 



Fig 71 — Concave Lens Virtual Image. 

lion through the lens, appear to come from F m the direction of the dotted 
line This line intersects the secondary axis AO at a Rays proceeding 
from A emerge from the lens as though they came from the point a a is 
the nrtual image of A, Similarly b is the virtual image of B 

The image ab is virtual erect, and diminished This is not only the 

P 
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case when the object is beyond F {as in our figure) but is alwa)'s true for 
all images formed by concave lenses 

83 Bxamples — i The focal length of a concave lens is 3 inches 
Rays of light diverge from a point on its axis, and 6 m from it How 
will they proceed after refraction through the lens ? 

Here/= +6 and, since the lens is concave, /= +3 The distance of 
the conjugate focus is given by the equation. 


I _ I 1 

3 “/ "6 


Thus 





3 

6 ' 


and ^'=+2 

The conjugate focus is at a distance of 2 in from the lens. Since it 
IS on the same side ( + ) as the source it is virtual. The raj's after 
refraction proceed as though they diverged from a point 2 inches 
from the lens. 


2. A virtual image of an object 30 cm from a lens is formed on the 
same side of the lens and at a distance of 10 cm from it. What kind of a 
lens IS It? 

The focal lengtii of the lens is given by the equation, 


I _ 1 I _ 2 
7 “10 3o~30 

and /=+i5 

Since the focal length is positive the lens must be concave Tins 
may also be seen from the fact that the image is nearer the lens than 
the object IS and is therefore smaller if the lens were convex, the 
virtual image would have been magnified 


Examples on Chapter VH 

Read carefully the rules and instructions given in Arts 30 65 66, and 
68-70 Observe how these are apphed in the solved examples in Arts 71, 
76 8r, and 83, Draw diagrams roughly to scale for the purpose of 
guiding and checking your algebraical work. When you are about to sub- 
stitute the numencal value for any symbol in an equation be careful to 
give It the nght sign ( + or - ) 

Remember that — 

The focal length of a convex lens is negative 
The focal length of a concave lens isfontive 

WTien /' is found to be positive, the image is formed on the same side 
of the lens as the object, and is virtual , when/' is negative the image is 
formed on the opposite side of the lens and is real 

The size of the image is to that of the object as /' is to / But if the 
image is real /' is negative if it is virtual, /' is positive 

I Rays of light diverging from a point 1 ft- in front of a lens arc 
brought to a focus 4 inches behind it, ^Vhat is the nature of the lens and 
what is its focal length ? 
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2 The focal length of a convex lens is 9 cm Rays of hght diverge 
from a point on its axis and 12 cm m front of it Find the position of 
the conjugate focus 

3 Rays of hght diverge from a point 20 cm in front of a convex lens 
The focal length of the lens is 4 cm How do the rays behave after refrac- 
tion through It ? 

4 If an object is placed i ft, from a convex lens of 9 inches focal length, 
ivhere is the image formed ? 

5 An arrow 4 mches long is placed 10 inches in front of a convex lens 
uhose focal length is 4 inches niustrate by a figure, and find the position 
and length of the image. 

6 An object is placed at a distance of 60 cm from a convex lens of 15 
cm focal length where is the image formed ? Compare its size with that 
of the object. 

7 An object whose length is 5 cm is placed at a distance of 12 cm 
from a convex lens of 8 cm focal length what is the length of the image ? 

8 A candle is placed at a distance of 10 ft from a wall, and it is found 
that when a convex lens is held midway between the candle and the wall, 
a disbnct image is produced upon the latter Find the focal length of the 
lens, and the relative sizes of the object and image 

9 A coin half an inch in diameter is held i ft. in front of a convergent 
lens if the focal length of the lens is 8 in., find the position and magni- 
tude of the image 

10 Draw figures, approximately to scale, showing the paths of the rays 
of light, and the positions of the images formed when a luminous object is 
placed at a distance of (i) i inch, {2) 6 inches from a convergent lens of 
2 m. focal length 

11 An object IS placed 8 in from a convex lens, and its image is formed 
24 in from the lens on the other side If the object were placed 4 in from 
the lens, where would the image be ? 

12 A candle stands at a distance of 2 metres from a wall, and it is 
found that when a lens is held half a metre from the candle a distinct 
image is produced upon the wall find the focal length of the lens, and 
also state the relative sizes of image and object 

13 A lens of 9 in. focal length is to be used for the purpose of pro- 
ducing an inverted image of an object magnified three times where must 
e.ich be situated ? 

14 A convex lens is held 5 fL from a wall and it is found that there 
IS one position m which an object can be held so that a real image of it, 
magnified five times, is thrown ufion the wall Determine this position 
and also the focal length of the lens 

15 You are provided wnth a convex lens of 18 m focal length, and are 
required to place an object in such a position that its image will be 
magnified three times find the positions which will give (i) areal, and (2) 
a virtual image of the required size. 

16 A person looks at an object through a concave lens of i foot focal 
length, the object bemg 5 feet beyond the lens Draw a figure showing 
the paths of the ra>s bj which he sees the image formed, and determine 
Its position. 




CHAPTER VIII 


OPTICAL INSTRUMENTS 

84. The Optical Lantern. — In its best-known form — 
the ‘ magic-lantem ’ — this instrument is mostly used for pro- 
jecting upon a screen images of pictures photographed or 
painted upon glass These are called ‘ shdes ’ The slide, held 
m a suitable slide-holder (s Fig 72 ) is placed just in front 
of the condensing lenses cc, which are so called because they 
condense upon it the light enutted by the source I The slide 



thus forms a bnghtly-illununated object, m front of which is 
placed the ‘objective’ or projecting lens This is generally a 
compound lens, but we may regard it as a simple lens of 
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which the optical centre is at o The objective produces a 
real, inverted, and magnified image of the slide This image 
IS focussed on the screen by sliding the lens-holder h bacinvards 
or fonvards a finer adjustment can be made by the focussing- 
screw/ 

If the image on the screen is to appear nght-side up, the 
slide must clearly be put in upside down 

85 A PhotograpMo Camera or camera obscura consists 
of a small dark chamber, the body of which is generally made 
of folded leather or cloth, after the manner of a bellows, so that 
It can be shortened or lengthened at will The front consists 
of a wooden board m which is mounted a lens This throws 
an image of external objects upon a sheet of ground-glass let 
into the back of the camera. 'ttTien the photographer is about 
to take a portrait or view he focusses this image sharply upon 
the ground-glass screen by mo\nng either the back of the 
camera or the lens front The screen is then replaced by a 
sensitised plate, which is usually a plate of glass coated with a 
film of gelatine containing finely-divided salts of silver 

80 The Eye — F rom an optical point of view the human 
eye may be regarded as a camera obscura m which the glass 
screen or sensitive plate 
IS replaced by a sensi- 
tive membrane (rrr, Fig 
73 ) called the retina 
It contains a double- 
convex lens — the ays- 
talhne lens, o — which 
divides the eye into two 
chambers The posterior 
chamber is filled with a 
jelly-like substance called 
the vitreous humour {yv) 

The antenor chamber is filled with a watery liquid called the 
aqueous humour {a) this is bounded in front by the cornea 
{fc), a tough transparent membrane shaped like a very convex 
'vatch-glass 

Partly by refractions through these humours, but mainly 
by the action of the crystalline lens itself images of ex-temal 
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objects are formed upon the retina For further explanation 
of the way in which the nerves are affected and the sensation 
of vision produced, the reader is referred to books on 
Physiology 

87 Instruments for Magnifying — In Art 79 we saw 
how a magnified virtual image of an object could be produced 
by means of a convex lens placed at a distance from the object 
less than its focal length 

"WTien greater magnifying powers are required the following 
method is used Let AB (Fig 74) be the object and O a 
convex lens which produces a real image of it at ab This 
image can not only be thrown on a screen or vnewed directly 
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by an eje placed behind it, but it can also be observ'ed bj 
means of a second convex lens For this purpose the lens must 
be placed at a distance from ab less than its focal length An 
observer looking through the second lens sees at A'B' a 
magnified vnrtual image of ab Instead of examining the object 
Itself with a magnifjnng-glass he applies the magnifier to an 
image of the object 

This pnnciple is employed in the construction of compound 
microscopes and astronomical (refracting) telescopes The 
image seen is evidently inverted, but in the instruments named 
this causes no great inconvenience. 

Expt 38 — Sdect two convex lenses for carrying out the method above 
described Use as jour object a pair of cross wires or a piece of ground 
glass on which a small arrow has been drawn with a fine hard pencil 
Illuminate the object brightly by a gas-flame. 

The lenses are roost easily adjusted as follows Focus on a second 
ground glass screen the real image produced by the first lens Mark its 
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position wth a pencil on the glass Focik the 
second lens on t^s mark by moving it backwards 
or forwards until a magnified virtual image of the 
mark is seen on looking through the lens Now 
remove the glass and you will see a magnified and 
inverted image of the object. 



88 Astronomical Telescope — This con- 
sists essentially of two lenses (i) a large lens of 
considerable focal length called the objeci-glass 
and (a) a smaller lens (or system of lenses) of 
short focal length called the piece When the 
telescope is directed towards a star, a real, dini- 
imshed, and inverted image of the star is formed 

of the object-glass This image is 
observed through the eye piece, just as if it were 
an actual object, and thus a second and magnified 
image is obtamed 

89 The Compound Microscope differs 



Opera Glass. 
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from the telescope in ha\nng a small object-glass of short focal length 
By placing this at a smtable distance from the object a magnified real 
image is obtained The path of the rays \nthln the microscope is shoim 
in Fig 7S The object-glass O produces at a real image of the object 
ab This image, alreadj magnified is viewed through the ejc-piece O' and 
thus the observer sees at AB a \artual and greatlv magnified image. 

90 Galileo’s Telescope — Opera Glass — In the earliest form of 
telescope invented bj Galileo, the object glass consists as usual of a 
convex lens, but the c>e-piece is a concave lens The w-ij m which the 
lenses act will be understood from Fig 76 The object glass C alone 
would form at ab a real inverted image of the object AB But when the 
concave lens c is interposed each convergent penal is converted into a 
divergent piencih Thus the rays which would othcrwase converge to the 
point a are made, bj passing through the concave lens to diverge from a 
virtual focus at A' (A' being on the secondary axis ac) Thus the 
observer sees at A'B' a virtual image of the distant object AB 

An ordinarj opiera glass is simply a double barrelled Galilean tdescojie. 
This form of telescope has the advantage of produong an erect image. 

Expt 39 — Start as in Lxpt 38 , but instead of using a second convex 
lens take a concave one Interpose it between the first (convex) lens and 
the image on the screen Look through the concave lens and adjust its 
iwsitlon until you see distinctly a virtual, erect image of the arrow 
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DISPERSION AND COLOUR 

9 L In expenmentmg with pnsms, and m examining the 
images produced by lenses, you have doubtless already noticed 
the appearance of certain coloured edges These are seen 
even when the object itself is not coloured indeed they are 
most distinct when the object is white or when it consists of 
a hole or slit illuminated by white light White light m fact is 
not simple but compound , and by refraction it is split up into 
Its component parts The composite nature of white light was 
discovered by Newton 

92 Newton’s Bicpenment — Newton allowed a beam 
of sunlight to stream through a small round hole in the window- 
shutter of a darkened room. In the path of the beam he 
placed a glass pnsm so as to refract the light upwards towards 
the opposite wall But instead of 'seeing on the wall a round 
or 01 al image of the sun he foimd that by passing through the 
pnsm the light was 
draivn out into a 
coloured band of 
considerable length, 
nolet at the top and 
red at the bottom 
(Fig 77) This he 
called the spectrum 
The colours of the 
spectrum follow the 
same order as the tints of the rainbou , they pass impcr- 
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ceptibly from red at the one end through all the gradations 
of orange, yellow, green, and blue, to violet at the other end 

03 We learn from this evpenmcnt — 

(1) That white light is not simple but compound it is the 
result of a mixture of many colours 

(2) That these colours can be separated by passing the light 
through a pnsm. 

(3) That vanous colours have vanous degrees of refrangi- 
bility , violet being the most refrangible and red the least 

94 . Dispersion. — Our second law of refraction (as stated 
on p 172) is only correct so long as we keep to light of one 
colourj say yellow light On entering a refracting medium a 
violet ray is bent more than a yellow ray, and therefore the 
index of refraction for violet light is somewhat greater than the 
index for yellow light , for red light it is less than for either 
Molet or yellow The difference between the amounts of 
bending produced b> passing through a pnsm produces a 
separation or dispersion of the vanous coloured rays 

95 New'ton also placed a second pnsm behmd the first 
with Its edge in the same direction, so as to cause a further 
refraction He found that no new colour was introduced , the 
second pnsm simply increased the amount of deviation or 
lengthened the spectrum 

He then turned the second pnsm round, plaang its edge 
towards- the base of the first pnsm, so that the refractions due 
to the tvvo pnsms w’cre in opposite directions He now found 
that there was thrown upon the wall a white image of the sun 
(slightly displaced, as it would be by passing through a thick 
plate of glass) We learn from this that the various spectral 
colours nuxed in the proper proportions can be made to 
recombine and fonn white tight Other methods of performing 
this recomposition are given in Expts 43 and 44 (p 222) 

96 A Narrow Slit necessary — In Newton’s expenments 
the light was admitted through a round hole Now, ifjou 
imagine such a hole to be divided up into narrow strips, in a 
direction parallel to the edge of the pnsm, you will easily see 
that each stnp of light would produce a spectrum of its own 
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these successive spectra would overlap each other, so that the 
colour in each part of the resultant spectrum would be mixed 
up with some of the colours lying on each side of iL For this 
reason the colours m Newton’s spectrum were not pure The 
first requisite for the production of npure spectrum is that the 
light should come through a narrow slit parallel to the edge of 
the pnsm In Art. 98 it wall be shown that certain other 
adjustments are necessary for projecting a pure spectrum on a 
screen. For the present we shall assume that the spectrum is 
observed directly by looking through a pnsm at a narrow slit 
or narrow stnp of v hite paper pasted on a black background 

9 Y Colour due to Absorption — Now let a piece of 
coloured glass, say red glass, be placed in front of the slit 
The more refrangible part of the spectrum (violet, blue, etc) is 
cut off only the red and orange get through. By interposing 
the red glass we do not introduce into the spectrum any colour 
'\hich did not exist m it before hence we conclude that the 
glass appears red not because it introduces any fresh colour 
into the light which is transmitted through it, but because it 
stops or absorbs certain other colours 

A similar explanation holds good for the colours exhibited 
by bodies ivhen they are \aewed, as is more usual, by the light 
which they reflect. For, in general, the reflection does not 
take place wholly from the surface of the body some of the 
light penetrates a little distance below the surface, and, m so 
doing, Its colour may be modified by the suppression of other 
colours A rose appears red because it reflects mainly red 
light and absorbs the more refrangible end of the spectrum , 
^d Its leaves appear green because they contain a green 
colounng-matter (chlorophyll) which possesses the property of 
absorbing red light A Ifly appears white because it reflects 
equally all the component colours of the sunlight Viewed in 
red light it would simply appear red , and m blue light, blue 

98. Production of a pure Spectrum, — ^We have already seen m 
(ut g6 dial a narrow sht zs required for the production of a pure spectrum 
m order that the spectrum may be sharp and distinct it is also necessary 
° 1”^ die pnsm m the posiUon of minimum detnation (Art. 58), for this 
w the position m which the best definiUon is secured 'Ibis is all that is 
necessary when the spectrum is observed bj looking directly through the 
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pnsm But if the spectrum is to be Ihrorni upon n screen something 
further is rctjuircd. 

For let S (Fig 78) be the slit Through this there streams n uedge 
shaped beam of light which before the pnsm is intciposed throws upon 
the screen a patch of white light /T WTien the pnsm is interposed, the 
beam of light suffers refraction and dispersion If it consisted altogether 
of red light there would be seen upon the screen a red patch of light nl 
rr' , and if it consisted of \aolct light there would be a \aolct patch at :c/ 



f>E 72.— lurCRF SrECTRtM FORJICD tit Paiskc 

All the red light after passing through the pnsm would appear to dnfrge 
from a sartaal focus nt R, and all the \iolct light from a aanual focus at V 
i\n obsencr looking through the pnsm in this direction would sec at H\ 
a sartual spcctrjam^of the white light proceeding from ia 

But upon the Ecrecil'itsdf the spectrum is confused and impure liecause 
the s-^nous coloured patches ofcrLap each other ^^lis owcrlapping would 
lie presented if we could conscrl each patch into a narrow stop 
and this we can do bi interposing a convea lens ns shown at L (Fig 79) 
ITic lens comcrls the dnergent liam into a roirtifTj'er/ beam, and, if the 
pnsm were alisent would produce at S areal image of the slit If the 
light were all red the lens and pdsm would together produce on the serren 
a real image of the 'In nt R , and if it were Wolct thev would produce a 
real image at V Tlitis with white light, we obtain upon the screen a 
series of sli-irplj detmed coloured images of the slit arranged side b\ side 
nnd forming a pure spectrum 
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W^e may therefore state as follows the three conditions requisite for the 
production of a pure spectrum — 

(1) The slit must be narrow 

(2) A real image of the sht must be formed by a convex lens 

(3) The pnsm must be placed in the piosition of mmimum deviation 

99 Experiments with the Spectrum. — For projecting a spectrum 
on a screen it is best to make use of an optical lantern (Art. 84) fbrmshed 
with the hme-hght. All stray hght should be excluded from the room 



Fig 79 — Pure Spectrum formed by Lens and Prism 

The nozzle of the lantern is to be covered with a blackened cap, as in 
Expt 12, but m this case the slit (about 3 milhraetres wide) is to be 
verticaL A fairly large lens, of about 25 cm focal length, should be 
used The most smtable prisms are hollow glass prisms fiUed with carbon 
bisulphide [CSJ , this substance has a higher dispersive power than glass, 
and therefore gives a longer spectrum than a sohd glass pnsm does The 
spectrum should be received on a screen somewhat larger than itself (say 
70 cm long and 50 cm high) and made of thick white paper stretched on 
a wooden frame, 

EIxpt 40 — In the path of the lantern beam, and about 2 metres from 
the sht, fix a small screen. On this, by means of the lens, focus a real and 
enlarged image of the slit (as at S', Fig 79) if the lens has the focal 
length aboTC stated it will have to be put about 30 cm from the slit. 
Behind the lens place the pnsm Place the large screen m a suitable 
jxisiuon for receiving the spectrum, as at RV, Fig 79, and let its distance 
from the pnsm be equal to the measured distance of S' from the pnsm 
Adjust the pnsm so that the deviation is a minimum. This can be done 
by tnal — twisting the pnsm slightly In one direction or the other until the 
red end R of the spectrum on the screen is as near as possible to S' You 
now have upon the screen a pure and bnght spectrum of the light radiated 
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bf the hot hme. With a 6o° bisulphide pnsm, and adjustments made as 
above the spectrum vvill be about 40 cm long 

Exft 41 — Hold ranous coloured glasses in front of the slit and 
observe what parts of the spectrum are cut out Notice that scarcely any 
of the transmitted colours arefure Red glass lets through a fairly pure 
red mixed with some orange but blue (cobalt) glass not only lets through 
the blue and violet end of the spectrum but also a considerable amount of 
red 

Examine in the same way coloured solutions contained in flat glass cells 
A strong solution of potassium bichromate cuts off all the more refrangible 
end of the spectrum, letting through only red, orange, and yellow An 
ammoniacal solution of copper sulphate lets through the green, blue and 
violet only Thus the absorptions of these solubons are complementarj 
and if they are both placed together in front of the sht they stop all the 
light. 

Expt 42 — Pass a blue ribbon through the spectrum In the more 
refrangible part, especially the blue, it appears of its ordinary colour In 
the red end it appears black , it absorbs all the light that falls upon it and 
reflects none to the eye. A bnght red nbbon shows the effect even more 
distinctly placed in the orange of the spectrum, one edge of the ribbon 
appears red and the other edge (in the yellow) appears black. Thus the 
colour of a body depends not only upon the nature of the bod> itself but 
also upon the nature of the light which falls upon it. 

Expt 43 — If you have another pnsm of the same land yon can repeat 
Newtons expenment on the recomposition of white light 1 ^ placing the 
second pnsm close behind the first and edge to base. You will thus get 
again a white image of the sht on the small screen at S' (Fig 79) 

Instead of a pnsm you may use a lens for recombining the colours The 
best kind of lens for this purpose is a tyhndncal lens , but it is not neces- 
sary to get one of glass for a large beaker filled with water answers 
perfectly 

Expt 44 — The effect of mixing colours can also be studied by means 
of circular discs of cardboard divided up into coloured sectors In order 
to show the recomposition of the vanous spectral colours, the tints and 
sires of the sectors should be chosen so as to correspond as nearly 
ns possible to the tints and breadths of the vanous colours in the 
spectrum If such a disc is attached to a whirling table or a bumming-top, 
and made to rotate rapidly in a good light, it appears of a umform 
whitish-grej 


ExAym.ES on Chapter I\ 

I Describe an expenment proving that white light is compound. How 
can it be shown that the constituents into which it is resolved are not like 
wise compound? 
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2 One piece of glass apf>ears dark red and another appiears dark green 
when hdd up to the hght , explain whv ^^hen they are both put together, 
no hght can be seen through them 

3 A nbbon purchased by gaslight appeared to match the dress wth 
which It was to be worn Next morning the match appeared to be verj 
imperfect. Explain this 




ANSWERS TO EXAMPLES 


Chapter II (p 129) 

6 As 4 IS to 9 0 As 9 IS to 4- 7 10 24 candle-power 

8 1 ft. from the candle and 3 ft from the lamp 

Chapter V (p 167) 

2 . The image is 7^ cm. long and 60 cm in front of the 
mirror 3 The image would be formed i ft, 4 in in front of 
the mirror 4 . 6 in behind the mirror 6 /= 30 cm the 

mirror is conca\e 6 The image is 7 ft. 6 m in front of the 
mirror and is 5 m. long 7 /= + i2 cm. the mirror is 
concave. 8 The image is 3 ft. from the mirror and 3 in long 

9 The image is tom in front of the mirror and 2^ in high 

10 f= +8 in. 12 . -b 18 in , / = + 36 in The image 

M ould be one-half the size of the object 13 Real, 33 J cm. in 
front of the mirror, and 4 cm long 16 30 in behind the 
mirror, magnification = 6 16 The image moves through 

3 7 in , ie from 24 in behind the mirror to 20 3 in, behind 
It 18 (i) Image IS nrtual and erect, 4 in behind the mirror, 

2 in long, (2) image is S in behind the mirror, 1 in long 
10 The image is 7 5 cm behind the mirror and 3 cm. long 
20 The object must be placed 7 inches in front of the mirror 

Chapter VII (p 210) 

1 Com'c.v ./= —3m 2 . 36 cm. behind the lens 3 They 
com-erge to a point S cm. from the lens and on the other side. 

^ from the lens on the other side. 6 Image is real, 6 
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in long and 6§m from lens 0 20 cm one-third size 

of object 7 10 cm. 8 2 ft 6 in equal in size. Q j/ = 
— 2 ft diameter of image = i in 11 i ft from the lens and 
on the same side as the object 12 — 37 5 cm , as 3 to 

I 13 The object must be i ft from the lens and the image 
3 ft (on the opposite side) 14 . ^ = -p 1 2 m , /= — 10 in 
16 (1)^ = 2 ft , (2)75= I ft 16 -f 10 m 
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INTRODUCTION— VIBRATORY MOTION 

1 SoTOiid caused by Motion — If you examine any 
sounding body you will soon come to the conclusion that the 
sound IS produced by motion of some kind In many cases 
the motion is obvious and can be followed by the eye For 
example, if you take hold of a stretched stnng between your 
finger and thumb, pluck it to one side and then let it go, the 
stnng unll give out a sound and, at the same time, will be seen 
to swing from side to side If the rate of motion is very rapid 
you may not be able to follow each separate swung, but the 
fact that the stnng is in motion is shown by its losing its 
definite outline and presenting the appearance of an indistinct 
gauzy spindle By touching the stnng with the finger the 
motion can be stopped, and it is then found that the sound 
ceases at the same time 

The same indistinct appearance is presented by the prongs 
of a tuning-fork while it is sounding When any hard object, 
such as the point of a knife, is held against the prongs, a loud 
rattling noise is heard , and quite a little shower of spray is 
thrown up when the points of the fork are dipped into water 
If you want further proof of the motion you can easily get it 
by stnking the fork and then making it touch your lips or 
teeth 

2 Tbe kmd of Motion — A tuning-fork consists essenti- 
ally of two steel spnngs united together at one end, and each 
prong of the fork moves in much the same way as a single 
straight spnng clamped at one end By taking a long thin 
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spnng (instead of the comparatively short and thick prong of 
the tuning-fork) we can make the motion slower and examine 
It at our ease 

Exft I — Clamp the lower end of the spnng m a vice. 
Pull the upper end to one side, as at /, Fig i The spnng 

IS elasitc it bends or ‘gives’ In 
order to bend it you have to exert 
force upon it In virtue of its elas- 
ticity the spnng tends to recover 
Its ongmal form, and if you wish 
to keep It bent you must continue 
the pressure against it 

Now let the spnng go It flies 
back but it does not stop when it 
has got back to its ongmal position 
(vertical) It overshoots the mark 
and moves, with gradually diminish 
ing velocity, to about an equal dis- 
tance on the opposite side (t) It 
then begins to return, again over- 
shoots the mark, gradually comes 
to rest, starts back again, and so 
goes on swinging from side to side. 
Owing to the resistance of the air, 
etc , the amplitude of the excursions gradually diminishes, 
and finally the spnng comes to rest 

3 Vibration — When a body or point moves m the 
manner above descnbed it is said to vibrate or oscillate 
Refemng again to Fig i, a movement from I \.q t and back 
again to / is called a complete vibration The amplitude of 
the vibration is measured by the extent of the motion on either 
side of the mean position or position of rest, i e half the 
distance It 

If you take a watch and exanune the rate of vibration of 
the spnng, you will find that this rate is regular and independ- 
ent of the amplitude of vibration \Vhether the excursions 
made by the end of the spnng are great or small, the number 
of vibrations executed in a given time is constant Thus the 
vibration is regular or periodic The time required to perform 
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a complete vibration is called the feT^d of vibration We 
shall denote this time (measured in seconds or a fraction of a 
second) by t If the number of complete vibrations performed 
in a second be denoted by «, then 

I 

T — — 

n 

We may call « the frequency of vibration or the vibiation- 
number 

4. Vibration of PenduluHL — The periodic vibration of 
an elastic spnng is very similar to that of a pendulum swinging 
under the action of the earth’s attraction When the bob of 
the pendulum is displaced to one side and then let go, it 
swings to a nearly equal distance on the other side, stops, 
returns, and goes on swinging from side to side regularly, but 
with the amplitude of the oscillations gradually diminishing, 
and finally the pendulum comes to rest The vibrations are 
regular the penod of vibration is constant and independent 
of the amphtude As in the case of the spnng, each complete 
vibration may be divided up into four similar parts 

The pendulum is in its mean position, or position of rest, 
when the stnng is vertical and the bob is at its lowest point 
(N, Fig 2 ) Now suppose the bob to be displaced to one 
side, say to A. The bob not only moves to the left but nses, 
for It moves in an arc of a circle In order to raise it through 
the distance HA you have to exert force and do work m 
lifting the weight of the bob upwards You have thus given 
to the bob the power of doing an equal amount of work 
in falling through the same distance, t e to its position of 
rest It possesses energy of position, or potential energy i 
When the pendulum is released it moves with gradually 
increasing velocity, and this velocity is greatest when the 
bob is at its lowest point The energy has now been changed 
from the potential into the kinetic form It is this kinetic 

1 The cntrgy of a body is its capacitj for doing wort. 

A body ts said to possess folenttal energy when it is able to do work m virtue of its 
fosttton A raised weight (as m a dock) and a head of water are examples of bodies 
possessing potential eneim So also are coiled sprmgs, compressed air, etc. , so that 
^ position must here be held to indude change of form or volume 

A body IS said to possess ktnettc energy when it ts able to do work m virtue of its 
motion Thus the wind does (useful) work m tummg the sails of a wmd mill , a 
cannon ball does (destructive) work m crashing through the walls of a fort. 
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6 Elasticity — The force tending to bring the pendulum 
back to its position of rest is due to the attraction of the earth 
on the bob In the case of the spnng the force is due to 
the elasticity of the spnng itself When the spnng is bent 
or pulled out, work is done in overcoming the resistance due to 
Its elasticity, and this work is stored up as potential energy 
m the spnng itself After being released it moves in the same 
way and goes through the same changes of energy as the 
pendulum. Like the latter it is gradually brought to rest by 
resistances due to the air, etc 

The elasticity of a body may be defined as being that 
property tn virtue of which it requires force to change its fonn 
or volume, and recovers its original form or volume when the 
force IS removed. 

Solids in general offer resistance to any change either of 
form or volume, and are therefore said to possess elasticity of 
form as well as elasticity of volume Fluids exhibit the latter 
only, for they do not offer resistance to change of form 
(see p 27) 

In common language we speak of substances like india- 
rubber as being very elastic, because they ‘ give ’ or stretch 
readily In saentific language the term is used m quite a 
different sense Without entenng into any details of the 
methods of measunng elasticity, we may here state generally 
that the elasticity of a substance is measured by the force 
required to produce a given change of form or volume If the 
substance yields readily when force is applied, its elasticity is 
said to be small but if it offers great resistance, it is said to 
be highly elastic Thus the elasticity of steel and glass is 
great, for both these substances require the application of 
considerable force to produce even a small change of form 
Again, the elastiaty of water is verj' much greater than that 
of air if the atmosphenc pressure were to be doubled, the 
volume of any given quantity of air would (according to Boyle’s 
law) be reduced to one-half, whereas such a change of pressure 
would produce scarcely any appreaable effect upon the volume 
of a gi\ en quantity of v.'ater 

7 Graphical Representation of Vibration — The 
following expenment shows how the vibration of a tuning-fork 
may be studied and represented graphically 
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EXPX 3 — Smoke one side of a stnp of glass by holding 
it over the flame of burning turpentine or camphor Make a 
light pointed style of thin sheet-brass or wire fix this to the 
end of one prong of a tuning-fork, as showm in Fig 4 A 
bristle attached with wax may be used instead, but is apt to 



Fig ^ —Wave Line traced by Fork 

bend or break off Strike the fork, and immediately draw the 
style lightly but quickly over the smoked glass After a little 
practice you mil be able to produce a beautifully regular wavy 
line on the glass This ‘ wave-line ’ is a record of the motion 
of the prong in its own handwnting 

8 Musical Sounds and Noises — By musical sounds 
are meant such as are produced by the human voice, the vuolin, 
the organ, and other instruments used for musical purposes 
It is not possible to draw any very sharp distinction be- 
tween a musical sound and a noise. The sounds produced 
by certain instruments used in military bands — drums and 
tnangles — cannot stnctly be called musical, and yet they do 
not destroy the harmony of the music, but rather strengthen 
and brighten iL 

We may, however, broadly distinguish between the two 
classes of sounds as follows A noise is produced by confused 
and non-penodic movements, — movements which are irregular 
both m respect of time and strength whereas a musical sound 
IS produced by regular and periodic vibrations Our business 
lies entirely with the latter class of sounds, and we shall in 
general use the word sound as denoting a musical sound 

9 Pitolx — The long thin spnng used m Expt i gave out 
no sound while vibrating A certain rate of vibration must be 
reached before any audible sound is produced By gradually 
shortening the spnng you can make it vibrate more rapidly, 
until at last it begins to produce a deep sound or a note of 
‘ low pitch.’ By still further shortening the spnng (or by using 
a shorter and thicker one) you can go on increasing the rate 
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of ^obration this iviU make the note still higher or ‘ raise the 
pitch ’ Thus the pitch of a note depends upon the rate of 
vibration Further proofs of this will be given later on 

10 Intensity of Sound — ^The intensity or loudness of a 
sound depends upon the amplitude of vibration of the sounding 
body You can venfy this statement sufficiently well for 
present purposes by watching a vibratmg stnng while it is 
coming to rest as the amplitude of vibration diminishes so 
the sound gradually dies out In the case of a tuning-fork it 
can be venfied by a slight modification of ExpL 3 

But there are other circumstances that affect the intensity 
of the sound produced by an instrument A vibrating stnng 
(or a tuning-fork) does not offer a large 
surface to the air it cannot directly set 
any large mass of air into vibration, 
and consequently it produces only a 
feeble sound* But if it is made to im- 
part Its vibrations to an elastic body 
presenting a larger surface to the air 
(generally a thin wooden board called 
a ‘sounding-board’), the mtensity of 
the sound is greatly increased This 
pnnaple is employed in the construc- 
tion of most stnnged instruments, such 
as violins and pianos Tuning-forks, 
also, when used for expenmental purposes, are generally 
mounted on sounding-boxes (Fig 5), which greatly strengthen 
the sound 

Exjt 4 — Take hold of a tuning-fork by the stem and set 
It into vibration You hear only a feeble sound as long as the 
stem IS held in the hand but the sound swells out much more 
loudly when it is lightly pressed against a table or door-panel , 
or, better still, against its oivn sounding-box. 
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WAVE MOTION 

11, Water-Waves — You cannot begin the study of 
wave-motion better than by examining carefully the waves 
which travel over the surface of a pool of water when a 
stone IS dropped into the middle of it Where the stone 
drops there is at first produced a depression, which im- 
mediately begins to spread outwards from the centre of dis- 
turbance in the form of a arcular trough. The disturbance 
which thus travels to the edge of the pool is caused, not 
by any bodily motion of the water outwards, but by a 
doivnward motion of the water-particles, which spreads out- 
wards from point to point This downward motion is fol- 
lowed by a swing upwards, produang a crest, which follows 
the trough and travels after it with the same velocity across 
the surface of the pool By this succession of moving troughs 
and crests is produced a senes of npples or water-waves 
The distance between one crest and the next, or between one 
trough and the next, is called a wave-lengih (Arts 1 5 and 1 6 ) 

That the water itself does not move in the direction m which 
the waves travel is shoivn by the behaviour of chips of wood 
or bits of straw lying on its surface. These simply nse and 
fall, floating idly on the surface of the W'ater and showing no 
tendency (unless the disturbance be very violent) to move 
forward in the direction in which the waves are travelling 

12 Two kin ds of Waves — Observe that in the case 
of water-wav es the motion of the particles is an up-and-down 
motion , whereas the waves themselves move honsonially 
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across the surface of the water Such vi'aves are called trans- 
verse waves, because they are produced by motzon which is 
transverse or at nght angles to the direction in which the 
waves are propagated Stnctly speaking, the motion of the 
water particles is arcular, but all that we wish to do here is 
to point out the broad distinction between the two classes of 
waves, which are called respectively transverse and longitudinal 
waves 

13 Transverse Waves are such as are produced by a 
vibratory motion of particles executed m a direction at nght 
angles to that m which the waves are propagated. As an 
instance of the production of a transverse wave may be 
mentioned the sudden jerk which a bargeman sends along 
a rope when he wishes it to clear an obstacle m its path. 

Get a rope a few yards m length and lay it straight along 
the floor Take hold of one end and, by jerking it rapidly 
from side to side, send a senes of nght- and left-handed pulses 
along It 

If an mstantaneous photograph of the wave were taken it 
would present an appearance like that of the wave-line m 
ExpL 3 The waves appear to travel along the rope in the 
direction of its length but the appearance is simply due to a 
\nbration of each part of the rope which is executed trans- 
versely (or at nght angles to its length) and which is com- 
municated from each part of the rope to the next 

14. Longitudinal Waves are such as are produced by a 
vubratory motion of particles executed along the line in which 
the waves are propagated- 

If you look down from a hillside upon a c-omfield when a hght 
summer breeze is blowing over it you will see a good example 
of wave-motion The only motion of which the ears of com 
are capable is a shght swinging motion , but as the breeze 
sweeps along the motion is transmitted from one ear to the 
next and from this again to its neighbour Thus a certain state 
of things (ears of com tightly packed together) is transmitted 
from point to pomt, and every gust of wmd produces a wave 
of condensation which slams across the surface of the field 
The waves are not wholly longitudmal There is some little 
transverse motion for each cornstalk swings hke an inverted 
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pendulum But m the mam the motion of the ears takes place 
m the line along which the wave travels Obsen'e that the 
charactenstic of wave-motion is the transmission of a certain 
state of things or state of motion without any corresponding 
transmission of matter 

The best illustration of longitudinal %\aves is afforded by 
the behaviour of a spiral coil of w irc. 

Expt S — Make a spiral of thick copper nire by winding 
it tightly round a curtain-pole or a thick glass tube WTien 
drawn out the spiral should be about tno yards long ^ Hang 
It up by a senes of double threads, as shown in Fig 6, the 



Fig 6.— IVave Machine (Weinhold). 


double suspension being for the purpose of preventing any 
side swung 

By means of such a ‘wave-machine’ you can study the 
mode of propagation of waves of condensation as well as 
waves of rarefaction A ivave of rarefaction is produced by 
taking hold of one end of the spiral, puUing it out in the 
direction of the axis w ith a smart jerk, and then letting it go 

1 A common defect of spiral coHs used for lllastratin^ wa% c motion is that they 
are made too small and slight nhen this is the case it is difficult to follow a wave 
as It qmckly passes along the covL It is really worth while talon^ trouble to 
make a ^ood spiral, for it can be used afterwards to illustrate reflection, interference, 
and stationary >’ibratIon I find that the following dimensions (recommended by 
Weinhold) are very suitable, vir.— Diameter of wrc. 2 mm diameter of spiral 
7 cnu , number of turns, 72 length of Completed spiral, 2 metres , length of thrads, 
60 cm. 
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A wave of condensation is produced by striking one of the free 
ends of the spiral inwards This is rather apt to make the 
spiral rock a better plan is to take hold of the outer turn of 
mre by the end and push it mward or pull it outward, as the 
case may be. 

Try both methods Watch the waves as they run quicklj 
along the spiral, and examine the way in vhich the separate 
coils move. You iviU thus leam more about wa\ e-motion than 
you could by reading many pages of description If you find it 
difficult to follow the motion of each turn of w ire, gum stops of 
paper or tie bits of tmne to a few of them you ^\^ll then easily 
see that each turn simplj moves forward and backward as the 
wave passes iL Notice that when a pulse of condensation is 
ruiming along the spiral the coils move forward m the direc- 
tion in which the pulse is travelling whereas in the case of a 
pulse of rarefaction the cods mo\e backward, or m a direction 
opposite to that in vhich the pulse is travelling 

Place the blade of a knife between the coils near one end 
of the spiral and rake it quickly across a fen turns towards the 
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Other end. You mil thus produce a double pulse or complete 
nave for each turn of mre as it escapes from the knife swmgs 
backward (or outward), thus produang a pulse of rarefaction 
(C, Fig 7) which follows the pulse of condensation (B) 

Fasten one end of the spiral to an empty box (a agar-box) 
Stoke the free end. The pulse runs along the spiral and you 
hear it deal a smart rap against the box. The enei^ of your 
blow IS transmitted along the spiral to the box, the na\e 
cames the energy mthout carrying the matter to which the 
energy nas first imparted. 

16 Wave-line and Wave-length Phase — The cuned hne m 
Fig 8 represents a portion of a wavc-hne (or of a rope along which trans- 
verse waves arc passing) The doUed line is the ojns of the nates and 
the arrow shows the direction in which thej are travelling The short 
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equidistant vertical lines represent the paths along which the particles 
a, b, c vibrate 

The whole wave-line (of which only a portion is shown in the figure) 
consists of a repetition of eicactly similar parts, and the shortest of such 
parts into which it can be cut is called a wave-length- Thus, starting 
from a, the distance am is a wave length, for the part of the curve 
following >n IS an exact copy of that between a and m Similarly bn, co, > 
dp are svave lengths 

The various particles a, b c are moving svith different veloabes, 

some up and some down, a, b,c are moving downwards , is at rest for 
an instant , from e to t all are rising then j is at rest, and so on Any 
two particles which are moving m the same direchon and with the same 
\ eloaty are said to be j ra the tame phase Thus the pairs a and «, i and 
n, c and o d and p are in the same phase. We may therefore define 
the wave-length as being ihe distance between the tito nearest particles in 



the same phase Notice particularly that <7^ is not a wave-length it is 
only half a wave-length, a and g are not in the same phase for although 
they have the same velocity they are moving in opposite directions Nor 
are d and j m the same phase for though both are at rest d is just starting 
downwards andy upwards 

10 Wave lengtli and Velocity — The waves m Fig 8 are supposed 
to be travelhng towards the nght. The curve indicates the positions of the 
particles at a particular instant Their positions at any fiiture instant can 
be found by shifting the wave-line forward through a certain distance 
depending on the interval of time. 

Consider the particle m When m has completed a whole vibration — 
down, up to the top, and back again to its mean position, — the disturb- 
ance will have moved forward through the distance am, t e through a 
whole wave-length. Thus we get a third definibon of w ave-length it is 
the distance through which a wave travels in the time required for a complete 
vibration 

We know that 

I 

n=- 

T 

\hen n denotes the vibrabon number and t the period of vibrabon (Art- 3) 
Let \ denote the wave-length and v the velocity ivith which the waves 
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■we have just seen that they move through the distance \ 

, distance 

vdocity= , 

time 

X I - 
•n=-=- X, 

T T 

v—nX. 

This last result is of the greatest importance. The relation between 
velocity, vibration-number, and wave-length which it expresses holds good 
not only for transverse 'waies but for a// kinds of ■waves. 

17 Comparison between Longitudinal and Transverse 
Wa'VBS — The bottom hne (R) m the accompanymg figure represents a 
senes of particles at rest The line above (L) represents the positions of 
the piarticles when traversed by a senes of longitudinal wa^ves The top 
line (T) represents the positions of the particles at the same instant when 
traversed by corresponding transverse waves An upward displacement in 
the transverse ■wave correspionds to a displacement to the right in the longi- 
tudinal wave a downward displacement in the transverse wave corresponds 


T 


if 
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Fig 9. — ^TrAJ,SVERSE and Lo^ClTUDINAL Wavks. 
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travel forward 
m the time r 

Thus smee 

It follows that 
or 


to a displacement to the left in the longitudinal ■wave. The position of 
any particle in L is found by displaang the correspionding particle m R 
through a distance proportional to the displacement m T The two sets 
of waves correspond in the following respects — 

A crest m T corresponds to portions of L in which particles are dis- 
placed to the A trough correspionds to displacements to the left. 

The jxiints of no displacement (N) occur alternately on falhng and rising 
parts of the curve T these correspond to alternate centres of compression 
and rarefaction in L. 

In T the distance NN represents half a wave-length so in L the 
distance between a pulse of compression and a pulse of rarefaction is half 
a wave-length A complete wave-length in L is represented by the distance 
between two successive condensations or two successive rarefactions 
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TRANSMISSION OF SOUND— ITS VELOCITY 

18 Transmission of Sound tlirougli Air — have 
seen that soimd is caused by a vibratory motion of the sound 
ing body We hai e next to consider how this motion travels 
through the air and reaches our ears 

It IS important to imderstand that vhen sound is trans- 
mitted through the air, the air itself does not move as a uhole, 
but a certain state of motion is transmitted through the air from 
point to point and from particle to particle. Thus the report 
caused by the explosion of a gun can be heard for miles 
around , but the smoke expelled from the muzzle of the gun 
only travels forward for a few jards 

Let us return to our spnng (Fig i) and see how its 
vibrations affect the air in its neighbourhood As the spnng 
swangs from left to nght (/ to /') it compresses the air m front 
of It The air, being elastic, resists the compression and tends 
to expand In so doing it compresses the air lying in front of 
It This again reacts upon the next lajer of air, and so the 
motion of the spnng causes a ■pulse of cotnp>rcssiou, which 
travels forward wath uniform speed through the air 

Meanwhile the spnng has swamg backwards towards tlie 
left hand (from / to /) The particles of air in contact wath it 
share its motion, and thus the layer of air l>ang towards the 
nght of the spnng expands or is rarefied. The pulse of 
rarefaction thus produced travels forward through the air wath 
the same imiform speed as the pulse of compression 
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As the spnng begins its next vibration another pulse of 
compression is produced , and this again is followed by a 
pulse of rarefaction Thus a senes of alternate pulses of 
compression and rarefaction are produced, and follow each 
other m regular succession through the air (as indicated in 
Fig 10) The student must refer to text-books on Physiology 
for an explanation of the manner in which these sound-waves 
-iffect the ear when they fall upon it and produce the sensation 
of sound 

The wave-length of a given note m air may be defined m 
any of the ways given in Arts 16 and 17 it is the 



Fig 10 — Sound Waves in Air. 


distance between tivo consecutive pulses of compression or two 
consecutive pulses of rarefaction , or it is tivice the distance 
between a pulse of compression and the next pulse of 
rarefaction 

19 Traxtsmiasion. through a Cylindrical Tube — 
Sound-waves are propagated through air contained m a 
cyhndncal tube much like the waves m Expt 5 The waves 
are longitudinal the air-particles nbrate baclai'ard and for- 
ward in the line along which the ivaves advance 

Imagine the spiral replaced by a cylindrical column of air, 
along which pulses are sent by a vibrating tuning-fork or spnng 
at one end Each forward swing of the fork sends a pulse 
of condensation along the column the ensuing backw'ard 
swang sends a pulse of rarefaction after it at the same speed. 
A regular succession of such pulses constitutes a tram of sound- 
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waves Tills gives you a picture of how sound travels along 
air confined in a hollow tube. 

20 Intensity — In general, however, the disturbance 
travels outwards in all directions from the source. All the 
particles which are just beginning to move at any instant are 
said to he tn the wave-front In free air the wave fixmt has 
the form of a sphere 

In calm air the sound produced by a bell or other vibratmg 
body IS heard equally well m all directions around it. The 
sound-ivaves are spherical m form (the source of the sound 
being the centre of the spheres), and they travel outivards freely 
m all directions 

It can be shown from this that the intensity of the sound 
diminishes according to the same law (the ‘law of inverse 
squares’) as the intensity of light (p 124) 

21 A Material Medium required for TransmisBion 
of Sound, — Before proceeding further, it will be well to pomt 
out that sound cannot, like light and radiant heat, travel 
through a vacuum This may be shown by the following 
e.xpenment 

Expt 6 — Place on the plate of an air-pump a few folds of 
flannel or a thick tuft of cotton-wool On this lay a loud- 

ticking ivatch, an alarum clock, or any 
arrangement for striking a bell by 
clockwork (Fig 1 1 ) Cover the whole 
with a bell-shaped receiver, and begin 
working the pump As the air is 
gradually eiJiausted from the receiver 
the sound becomes fainter and fainter 
If the pump works well and produces 
a good vacuum, the sound may en- 
tirely disappear The effect is still 
more strikingly shown by readmittmg 
the air into the receiver, when the 
sound IS again distinctly heard. 

Air is not the only gas that 
will transmit sound. ITiis may be 
shown by admitting any other gas into the e.xhausted receiver 
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22 Sound Transmitted by luqrnds — It is said that 
divers under water can distinctly hear words spoken by 
persons near the shore That water does conduct sound may 
be easily shown as follows 

Exkt 7 — Stick the handle of a tuning-fork into a large 
cork. Take a tumbler, nearly fill it with water, and place it 
on a tray or on the sound-box belonging to the fork. Strike 
the fork, wait imtil the sound has become faint, and then hold 
It so that the cork is immersed m the uater There is a 
marked increase in the loudness of the sound. This is more 
strikingly shown by alternately raising the cork and again 
lowenng it into the water, when the intermittent swelling and 
sinking of the sound is plainly perceived. The explanation 
will be easily seen on referring to Art. lo The sound is 
conducted through the water to the glass and the sounding- 
board, which in turn sets the air into vibration 

23 Soimd Transmitted by Sobds — The following 
experiments wdl serve to illustrate the transmission of sounds 
by solid bodies 

Expt 8 — To one end of a pine rod (4 or 5 ft. long and 
about I in. in diameter) glue a thin pine board about 6 in 
square to act as a sounding-board To the other end hang a 
■watch by a hook, and then apply your ear to the sound-board. 
Notice how distinctly the ticlang of the watch is heard. 

Or get a fiiend to strike a tunmg-fork and press it against 
the farther end of the rod, movmg it off and on so that you 
may be certain that the sound is heard by transmission through 
the rod 

Expt 9 — Stop up both your ears and get a fnend to hold 
a -watch so that you can take hold of the nng between your 
teeth. Do this and you wall be surpnsed at the loudness of 
the ticking The sound seems to be felt rather than heard 
Bite off and on to make sure that it does not come through 
the air The sound is conducted through the teeth to the 
bones of the head, and through them to the ears 

24. Velocity of Soimd. m Air — Just as waves traiel 
with a definite veloaty across the surface of w-ater, or along 
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spiral spnngs, so are sound-waves propagated with a definite 
velocity through air This velocity is vastly smaller than that 
at which radiant heat and light travel (p 1 3 1 ) Thus we see 
lightning-flashes some time before we hear the thimder that 
accompanies them, and the interval that elapses between the 
flash and the peal gives us some idea how far off the storm is 

The velocity of sound in air has been measured repeatedly 
and by vanous methods Of these the most easily understood 
is that adopted by the Pans Academicians This consisted in 
measunng the interval that elapsed between the instant at 
which the flash from a distant cannon was seen and the instant 
at which the report was heard (the exceedingly short time 
taken by light in travelling over the same distance being, of 
course, neglected) The same method was employed after- 
wards by Arago, Gay-Lussac, and others They chose two 
stations (Villejmf and Montlhdry) near Pans and 18,613 metres 
apart The observers at each station were furnished with 
chronometers and a 6-pounder cannon Observations were 
made at both stations alternately so as to get nd of any 
disturbing effect due to ivind As the mean result of many 
expenments it was found that the report took 54 6 seconds to 
travel from one station to the other Dividing the distance by 
the time, we get 34 1 metres as the distance travelled in one 
second Allowing for the temperature (16° C ) at which the 
expenment was made, this gives 331 metres per second as 
the velocity of sound m air at 0° C Subsequent expenments 
have shown that this value is correct It corresponds to a 
velocity of 1086 feet per second 

26 The velocity of sound in air increases with nse of 
temperature at the rate of about 2 ft. or 62 cm per degree 
centigrade Thus at the ordinary temjierature of 15° sound 
travels about 1116 ft or 340 metres per second 

The veloaty is independent of the atmospheric pressure 
However the barometnc height may vary, sound travels at the 
same rate as long as the temperature remains constant (see 
Arts 30 and 31) 

The veloaty is practically independent of the loudness of 
the sound and quite independent of patch Otherwise a song 
would only be heard in correct time close to the singer, and 
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harmony would be impossible, band-music heard a hundred 
yards away from the band would consist of most frightful 
discords 

26 Velocity m Water — The velocity of sound m water 
was measured m 1827 by CoUadon and Sturm, They moored 
two boats m the Lake of Geneva at a distance of 13,487 
metres apart From one boat a large bell B (Fig 12) was 
suspended m the water This could be struck by a hammer h 
attached to a lever w'hich w'as so arranged that in moving it a 
match m was brought into contact with aheap of pow’derjJ at 



Fig 12 


the very instant when the bell was struck. The flash served 
as a signal to the obsen'ers in the second boat. From this 
was suspended m the ivater a land of large speaking-trumpet, 
the mouth of which was closed by a membrane T By applyl 
ing his ear at E, the observer could distinctly hear the sound 
transmitted through the water It ivas found that the mterval 
between seeing the flash and heanng the sound was 9 4 seconds 
This gives 1435 metres per second as the velocity of sound m 
water 

2 T Velocity in Solids — Sound travels very rapidly 
through solids, its velocity in glass and steel, for example, 
being about fifteen times as great as its veloaty m air * 
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Sound IS also transmitted through rocks, and with greater 
\ elocity than in air If you stand near a mine in which shot- 
finng IS going on, you can generally distinguish two sounds, 
the first being a dull thud or rumbling noise travelling through 
the ground, and the second being the report transmitted in the 
ordinary way through the air 

28 Theoretical Calculation of the Velocity in Air — According 
to a theoretical calcnlation made by Newton, sound ought to travel m any 
medium with a velocity which is given by the equation 

v= «) 

when E denotes the clastiaty of the medium and D its density 

Now It can be proved that in the case of air or any other gas kept at 
a constant temperature ike elaiitctiy ts equal to the pressure Thus the 
velocity in air shouid be given by the equation 

V= J I (») 

when P denotes the atmosphenc pressure, expressed in the proper units 
Inserting the dorrect numencal values for P and D m the above equation, 
U IS found to give about 280 metres or 920 feet per second as the veloat) 
of sound in air at 0° Xhis is nearly 16 per cent less than the reloaty 
found by expenment 


29 Iisplace’s Oorrectdon — Evidently there was something wrong 
about the calculation Newton tried to explain how the difference arose, 
but the true explanaUon was given afterwards by Laplace He pointed 
out that the compression produced by a sound-wave takes place so rapidly 
that the heat which is developed by It remains in the wave of compression 
there is not suffiaent time for it to be lost by conducUon or radiation. 
Again each wave of rarefaction produces a cooling effect (p 109) , and 
thus the elasticity cannot be calculated on the assumption that the tem- 
perature remains constant. The effect of all this is to increase the elas 
tiaty and make it equal to about i 41 times the pressure Introducing 
this correction (known as Laplace s comection) into the equation we get 


and this gives a value which agrees almost exactly with the veloaty found 
b) expenment. 


30 Effect of change of Pressufe — The velocity of sound in air is 
not affected by any change m the atmosphenc pressure (or barometnc 
height) This may be seen by considenng how a change of pressure affects 
the two factors E and D which occur in the expression for the velocity 
Now It IS true that the elasticity is proportional to the pressure and increases 
as the pressure increases But it follows directly from Boyle s Law that 
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the density of any gas is also directly proportional to the pressure. Any 
increase of pressure increases both E and D in ihe same proforiton, and 

hence their ratio remains constant Thus the velocity is independent 
of the pressure 

3 L Effect of Temperature — It is othertsise when the temperature 
of the air changes For suppose that the temperature uses and consider 
how this will affect the quantities inequations (i) or (3) Smce the air is 
free to eiqjand, the pressure or elasticity will remain unaltered But the 
density of the air diminishes just as its volume increases (the density of a 
gi\en mass of gas being inversely proporbonal to its volume) Thus nsc 
of temperature produces an increase in the \elocity, as stated in Art. 19 
If the tempierature nses from 0“ to the volume increases in the ratio 
of I to (i + oi), and the density diminishes in the ratio of (i + tfr) to i 
From this it may easily be seen that if V„ denote the velocity of sound in 
air at 0°, its velocity at any temperature i° will be 

V,=V<, 

32 . Velocity in other Gases. — ^The equabons for the velocity given 
in Arts 28 and 29 hold good not only for air but also for other gases 
It therefore follows that the velocity in any gas is mversely proportional to 
the square root of the density of the gas 

For example, oxygen is sixteen times as dense as hydrogen Hence 
the velocity of sound m oxygen is to that in hydrogen as 's/I V16, or 
as 1 4 
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REFLECTION OF SOUND 

33 Reflection of Longitudinal Waves — A good 
idea of the way m which solmd-^vaves are reflected may 
be obtained by studymg the reflection of longitudmal waves 
at the end of a wre spiral such as was used in Expt 5 The 
reflection takes place in two distinct ways, according as the end 
IS ffee or fixed In both cases we shall suppose the onginal 
(or incident) pulse to be a pulse of compression 

Expt 10 Reflection from a BYee End. — The spiral is 
supposed to be in the state shown m Fig 6 (both ends free) 
A pulse of compression is sent from one end — say the nght- 
hand when it reaches the other end, it does not disappear 
but IS reflected as a pttlse of rarefaction When it returns to 
the nght-hand end it is again reflected, but now as a pulse of 
compression again Thus at each reflection at a free end the 
wave suffers a change of type a pulse of rarefaction being 
reflected as a pulse of compression and vice versd 

Expt i i Reflection at a Fixed End. — Push one end 
of the spiral into a cork and clamp this fast to a heavy retort- 
stand. Send a pulse of compression along the spiral from the 
free end When the pulse reaches the fixed end the motion 
of the coils IS reversed and the wave is reflected back, but still 
as a pulse of compression In the same way a pulse of rare 
faction is reflected as a pulse of rarefaction In reflection from 
a fixed end there is no change of type The cases of reflection 
to which we shall for the present restnct our attention are of 



REFLECTION OF SOUND 


33 36 


251 


the same kind as those which occur at the fixed end of a 
spiral 

34 . Beflection of Sound-Waves — Sound-waves are 
reflected from solid obstacles m much the same way as the 
longitudinal waves m the last expenment. Each pulse of 
compression or rarefaction, when it reaches the obstacle, is 
reflected, ginng nse to a pulse of compression or rarefaction 
travelling in the opposite direction 

In the case of light w e saw that in order to get good reflec- 
tion It was necessary that the reflecting surface should be 
smooth and polished in the case of sound the most essential 
thing is that the reflecting surface should be of considerable 
extent. You will doubtless recollect instances in which you 
have heard band-music or the sound of church-bells apparently 
reaching you in a direction totally different from that of the 
band or steeple, the sound being reflected from a wall or row 
of houses 

36 Echoes — An echo is produced w’hen a sound is 
reflected normally (or back along its own path) from a high 
cliff or wall. If a person standing at a sufficient distance from 
the cliff shouts or daps his hands, he hears the sound repeated. 
In order that he may hear the echo distinctly it is necessary 
that the time taken by the sound in travelling to the diff and 
back again should be sufficiently long to enable him to dis- 
tinguish between the original and the reflected sound, for 
otherwise the tivo would be confused together 

Suppose that we allow one-fifth of a second for this , and 
further that we take the velocity of sound as 1100 ft per 
second. In one- fifth of a second sound travels 220 ft., so 
that we must allow for no ft. to the diff and no back to the 
observer Thus in order to hear the echo distinctly the 
observer’s distance from the cliff should not be much less 
than n o ft. 

36 Sensitive Flames — In e.\penmenting on reflection 
of sound (and espeaally for class demonstration) it is con- 
venient to have some means of indicating the presence and 
whereabouts of a sound This is best done by means of 
sensitive flames 
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When the pressure of the gas supplied to a jet is gradually 
increased, a point is reached at which the flame begins to 
flare just at this point it becomes very sensitive to sound and 
especially to hissing and tinkling sounds The flame should 
be long, thin, and straight, as shown m the accompanying 
figure A suitable jet can be made by draw mg out a piece 
of glass tubing to about 2 mm diameter, cutting it off watli a 
file and gnnding the edge smooth on a stone. But as glass 
jets are very liable to crack, it is better to get a plain steatite 
burner with a small round hole. The sensitiveness of a flame 
depends upon the burner and upon a proper regulation of the 
gas-pressure sometimes a burner is so sensitive that it is 
scarcely possible to work with it The flame can be protected 
from accidental noises by surrounding it wuth a glass globe 

provided with suitable openings , 
into one of these may be inserted 
a funnel for the purpose of catch- 
ing the sound and directing it 
towards the base of the flame 
Expt 12 — Procure a gas-bag 
(a rubber bag such as is used for 
lantern work), press it down flat 
to squeeze out all air, and then 
connect it by rubber tubing to the 
gas supply Raise the pressure- 

boards, so as to let the gas stream 
in freely, and when the bag is full 
of coal-gas dose the tap attached 
to the bag Connect the tubing 

to the sensitive jet Put on the 
pressure-boards and place weights 
on them so as to increase the 
pressure until the jet begins to 
flare Now reduce the pressure 
slightly and >ou ivill find that the 
flame is in the sensitive state It 
has the form shown m A, Fig 13 
The slightest noise makes the flame 
roar, and at the same time it becomes shorter and broader 
^d jagged at the edges, as shown m B 
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Stand a few feet from the flame and shout each time it 
ducks down Try singing and whisthng Talk to it and see 
how It picks out the s sounds Rattle a bunch of keys it 
roars furiously 

37 Esperiments on Beflection of Sound. — The 
reflection of sound may be illustrated in the same way and 
with the same apparatus as that descnbed on pp 99-101 for 
demonstrating the reflection of heat-radiation 

Expt 1 3 — ^Arrange the tin tubes and reflector as shown 
in Fig 59, p 100 For the present purpose the tubes may 
be somewhat longer than those used for the radiation e.\pen- 
ment say 4 ft long each At T place the sensitive flame, 
adjusting the mouth of the funnel over the end of the tube. 
It may be necessary to screen the flame from sound travelling 
directly from B to it this can be done by hanging wet 
towels across between B and T to act as sound-screens Or 
the sound may be prevented from getting outside as follows 
Make a loose sleeve of cloth and tie it over the end of the 
tube at B Take a small piece of tin-plate in one hand and a 
penny m the other Place both hands well inside the sleeve 
and tap the penny agamst the tin-plate If the reflector at R 
IS properly adjusted, the flame will now respond, ducking down 
at each tap Remove the reflector R. If the flame is still 
affected, try tapping more gently 

Expt i 4 — Repeat the expenment by hanging a ivatch 
in front of the tube at B and using your ear in place of the 
sensitive flame at T The ticking is much more distinctly 
heard when the reflector is m position than when it is re- 
moved. 

Expt i 5 — Place the two tubes end to end and in a 
straight line so as to form one tube 8 ft long At this distance 
the ticking of a watch is not audible m free air But if you 
hang a watch in front of one end of the tube and apply your 
ear to the other end, you will hear the ticking with surprising 
distinctness 

This wall enable you to understand how' ‘ speakmg-tubes ' 
can be used for communicating between different rooms m a 
building Their behanour may be explained as a result of 



254 


SOUND 


CH IV 


repeated reflections from the sides of the tube (see Expt 64, 
p 100), or as a result of keeping the disturbance constantly 
withm the walls of the tube 


Examples on Chapters I-IV 

1 State exactly what you mean by the ‘density of a medium, and 
explain what you understand by its ‘elasticity ’ Is the elasticity of 
•water greater or less than that of oir? How would you prote to any one 
that your answer is correct ? 

2 Descnbe and explain an expenment illustrating the use of sound 
boards m making the vibrations of a wire audible. 

3 Explain any method by means of which the ticking of a watch may 
be made audible to a person at the other end of a large room 

4 What IS the veloaty of sound m air? On what grounds can it be 
asserted that musical tones of high and low pitch travel at the same speed? 

5. What IS meant by a ivave cf sound and by the length of a leave 
Explain how sound is transmitted through air 

6 A gun IS fired on a cold winter’s day at a certain distance from an 
observer who hears the report fiie seconds after seeing the flash Would 
the interval between seeing the flash and hearing the sound have been the 
same on a hot day m summer? Give reasons for your answer 

7 A street tnth houses on both sides runs north and south, and a 
church IS situated at a little distance to the east of iL As I walk down the 
eastern side of the street the sound from a peal of bells in the church-tower 
seems to come from the west Explam this, drawing a diagram to illus- 
trate your ansiver 

8 How do you account for the fact that the distance at which a loud 
sound (such as a discharge of a cannon) can be heard vanes considerably 
from day to day? 

9 Waves of sound, the frequency of which is 256 vibrations per second 
pass from a stratum of cold air to a layer of hot air In the cold air the 
velocity IS 1120, and in the hot air 1132 feet per second Find the 
wave-length in each case. 

10 State how the velocity of sound depends upon the pressure density 
and temperature of the air 

The velocity of sound at 0° C is 1090 feet per second Find the 
velocity at 17° C 

11 What effect does a nse in temperature produce on the velocity of 
sound in nir? 

On one occasion when the air was at the freezing-point of water, a 
sound, made at a given jxiint, was heard at a second point after an interval 
of 10 seconds. Find the temperature of the air on a second occasion 
when the time taken to travel between the two points was 9 652 seconds. 
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38 Musical sounds may differ in respect of — 

(1) Intensity or Loudness 

( 2 ) PitctL 

(3) Quality 

We have already stated that the intensity or loudness of a 
sound depends upon amplitude of vubration (Art 10 ) Pitch 
we shall consider more fiilly m the present chapter At this 
stage It is not possible to treat of quality of sounds WTiat 
is meant by difference m quality may be readily appreciated 
on produang the same note by means of different instruments, 
say a piano, a vuohn a flute and the human voice. Even 
though the sounds be of exactly the same pitch and, as nearly 
as possible, of the same loudness, you can easily tell which is 
which As we go on to consider the different ways in w'hich 
musical sounds are produced we may be able to point out 
some of the causes which produce these differences in quality 


39 Pitch, is that which distinguishes a high or shnll note 
from a deep or low one Most people can tell when two notes 
are of the same pitch or height , and can decide which is the 
higher of two notes People who are able to judge correctly 
of differences in pitch are said to have ‘ a good ear for music.’ 
If you are blessed with such, y'ou will already know what is 
meant by pitch , and if you are not, it is scarcely possible to 
help you to such knowledge. 

40 We proceed to show by expenment (i) that any' senes 
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of regularly recurring impulses (within a certain range) pro- 
duces a musical note , and (2) that the more rapidly these 
impulses follow each other, the higher is the pitch of the note. 

Expt 1 6 Savarf B "Wlieel, — On a centrifugal machine or 
whirhng-table (see Fig 15) fix a toothed wheel, such as a large 
clock-wheel Make the wheel rotate, at first very slowly, then 

more and more rapidly, at the same 
time holding a thin card lightly agamst 
the teeth At first you hear only a senes 
of separate taps As these succeed 
each other more rapidly they begin 
to blend together and produce a low 
note the pitch of which increases as 
the rapidity of rotation increases. 
The quahty of the sound produced is 
poor and thin it is scarcely correct 
to call It a musical note. 

Expt 17 The Diso- siren. — 
Perform a similar expenment by blow- 
ing a jet of air against a rotatmg disc 
having a circular row of holes pierced 
in It (Fig 14) Here again the 
quahty of the sound is poor it is 
mixed up with the noise made by 
Fig n. the air in rushing agamst the disc. 

The disc may be made of stiff smooth cardboard or sbeet-raetal and of 
about the following dimensions. Radius of disc, 15 cm Radius of row 
of holes, 13 cm. Holes about o 5 cm m diameter and 2 cm apart. Jet 
made of glass-tubing drawn out at the point to same diameter as the holes 
or somen hat narrower 

What IS properly known as a siren’ is an instrument which does not 
differ greatly m pnnciple from the above. It is, however, more elaborate 
m construction and contains a ‘counter,’ which registers the number of 
revolutions made in a givdn time. When this is known we can easily 
calculate the number of pufis of air per second that are required to produce 
a given note. 

In neither of the above experiments is the sound produced directly by a 
vibratory motion In the case of the disc siren, each Ume a hole comes 
in front of the jet the air rushes through and produces a pulse of compres- 
sion m the space beyond. In virtue of the elasticity of the air, this is 
succeeded by a pulse of rarefaction dunng the interval that elapses before 
lext hole comes into position Thus the air is set into vibration much 
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as It ttould be by the motion of a tuning fork or vibrating string The 
pitch of the note produced increases as the vibration number or frequency 
increases (Art 3) 


41 How Pitch is expressed — We may e\press the 
pitch of a note — 

(1) Belatively, as when we say that one note is an octave 
or a fifth higher than some other note which is chosen as a 
convenient standard of reference This is the method gener- 
ally adopted in Music. 

(2) Absolutely, as when we say that a certain number of 
vibrations per second is required to produce a note of a given 
pitch This IS the method adopted m Physics , the pitch of 
any note being expressed by stating its nbration-number or 
frequency (Art 3) Thus the pitch of the note produced by 
an open organ-pipe 2 feet long is 280 , for such a pipe, at the 
ordinary temperature of the air, produces vibrations at the rate 
of 280 per second 

42 Musical Intervals — ^The interval between any two 
notes is measured physically by the ratio between the vibration- 
number of the higher note and that of the lower one. If the 
vibration-number of the lower note be «, and that of the higher 

note 7j', the interval is measured by the ratio — 

^ n 

Unison — Two notes are said to be in unison when they 
have exactly the same pitch The ratio between the vibration- 

numbers of two such notes is clearly ^ Thus although there 

IS no difference of pitch between two notes in unison, the 
interval is expressed by i and not by o 

Octave — If the vibration-number of one note is double that 
of another, the first note is said to be an octave above the 

second. This interval is represented by the ratio ^ Like all 

other musical intervals, its value depends, not on the .absolute 
vnbration-numbers, but on their ratios The notes represented 
by the numbers 100, 200, 400, 800 are each an octave 
above the one below 


43 The Major Diatonic Scale — Musicians divide the 
interv'al betw'een a note and its octave into seven smaller 
intervals of unequal value known as tones and semi-tones 

S 
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The notes which occur in this ‘ scale ’ may be typified (although 
they are not exactly represented) by the w hue keys of a piano- 
forte. In the old or ‘staff’ system of notation these notes are 
knowTi as 

CDEFGABc 

In the new or ‘ Tonic Solfa’ system of notation (for uhich 
we shall always use thick letters), the notes are represented as 
drmfsltd.' 
which are read as 

Doh Ray Me Fah Soh Lah Te doh 

These seven notes (or eight, mth the addition of the octave^) 
form the musical scale m common use To distinguish it from 
a somewhat different scale, used chiefly in solemn and mourn- 
ful music (the minor scale, called by Solfaists the ‘ lah mode ’), 
It IS knoi\n as the major diatonic scale 

At this stage no better advice can be given to a non-tnusical student 
than that he should play these notes on the piano or, better still, get some 
one to sing them to him until he knows the different notes and the intenals 
between them Without such knowledge any discussion of the nature of 
musical inteiwals must be as unintelhgible as Chinese He should also 
listen carefully to the notes when sounded in pairs, and notice what com- 
binations of the notes are harmonious (or produce a pleasing effect upon 
the ear) and which arc dissonant (or produce a harsh or disagreeable 
effect) 

44 . Intervals ■which occur m the Common Chord. — 
We now proceed to illustrate how some of the more important 
inten'als that occur m music can be measured and expressed 
by numbers For this purpose we shall choose the most 
harmonious inten'als, viz. those which occur in the Common or 
Major Chord The notes which form this chord are 
d m 8 d‘ 
or, C E G c 

We shall show in two ways that m order to produce this 
senes of notes the vibration-numbers must be in the pro- 
portion of 

4 , 5 , 6, 8 

1 By Savart’s Wheels — Expt i 8 — Four toothed 
wheels wll be required, having respectively 80, 100, 120, and 

1 Latin eighth. 
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160 teeth (or numbers in the proportion of 4, 5, 6, and 8) , and 
the wheels are to be lived (at a little distance apart) on the axis 
of a whirling-table, as shown in Fig 15 

Rotate the wheels and touch each in succession with a thin 
card as in Expt 16 As the speed of rotation cannot be kept 
constant for any length of time it is best to touch the wheels 
very lightly and rapidly one after the other , the notes are 
easily recognised as being those which form the Common 
Chord 

Change the rate of rotation The notes all alter , but your 
ear perceives that they alwaj's bear to each other the same 
‘ relative pitch ’ The intervals do not depend upon absolute 
pitch, but only upon the ratios of the ^^bratlon-numbers 

II By the Disc-siren — E xpt 19 
require a disc of the same size as that 
used in Expt 1 7, but pierced wath four 
circular rows of holes (Fig 15) The 
innermost row should have 24 holes, the 
next 30, the next 36, and the outer row 
48 (the numbers being in the proportion 
of 4, 5, 6, and 8) 

The jet may be made of glass tubing 
bent twice at right angles and mounted 
as shown in Fig 14 this arrangement 
IS convenient for swinging the jet quickly 
over the four rows of holes wuthout fear 
of breaking iL 

45 How Inteiwals are Compounded 
— Musical intervals are compounded by multi- 
plication and not by addition 

The cxpenments just performed show us 
that the intennl between d and m. or C and 
E IS represented bv any of the equal ratios 

32 or 5 

80 24' 4 

The intervail between m and s or E and G, is represented by any of 
the equal ratios 

ISO 36 6 

. — , or — 

TOO 30 3 
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Again the inten"!! between d and s or C and G is represented b) 

120 36 3 

, — or - 

80 24 n 

Now this last IS also the interval obtained b> compounding the first two 
for 

4542 

46 Intewals which occur In the Scale — B\ experiments similar 
to those above desenbed or b> careful expenmenls made with more 
elaborate apparatus the ratios of the vibration numbers of the notes forming 
the scale have been determined The names and values of the various 
intervals counting from C (the tonic or bej-note) arc given in the followang 
table. The first column indicates the notes numbered 1, 2 3 in 

order and the second and third columns their names The fourth column 
gives the names of the intervals and the fifth their numcncal values 


I 2 


C D 

Second 

9 

8 

1 3 

d m 

C E 

(M'\3or) Third 


t 4 

m 

C F 

Fourth 

. 

4 

3 

I s 

d. s 

C G 

Fifth 

3 

2 

■ 

H 

■ 

(Major) Sixth 

s 

3 

■ 

B 

C B 

(Major) Sevamth 

15 

8 

( ^ ® 

1 

d d' 

C c 

Eighth or Octave 

1 


Of tliese intervals the Second and the Seventh are dissonant 

The others are consonant or harmonious the most perfect consonance 

being given bv the Fifth and the Octave (-i) Thus we see that the 

most harmonious intervals are those in which small numbers (from i 
to 5) occur 

47 Standards of Pitch, — Once we settle upon the absolute pitch of 
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the tonic or key-note of our scale the absolute pitch of e\eiy other note 
m the scale is thereby fiiLed Thus if we agree to trtke 0=256, the vibra- 
tion-number of G (a fifth above it) is 256 x -^ = 384, and so on This is 

the pitch usually adopted by wnters on acoustics and by makers of acoustical 
apparatus The number 256 has the ad\antage of being a pouer of 2 
(viz. 2®), and the choice is mainly a matter of convenience 

The most conrenient standard of pitch is a tuning fork made so as to 
execute a known number of vibrations per second In our country there 
IS no legal standard of pitch What is vaguely referred to as ' concert 
pitch maybe taken to represent €=264 or thereabouts (The C here 
referred to is what is known as the ‘ middle C’ of a piano ) 

48 Intervals between successive Notes in tbe Scale — The 
vanous mtenals gnen in Art. 46 have as their least common denominator 
the number 24 If we take this as representing the vibration-number of 


the key-note, the other 
following whole numbers 

notes 

m 

the scale 

will 

be represented by the 

24 27 

30 

32 

36 

40 

45 48 

d r 

m 

f 

8 

1 

t d' 

C D 

E 

r 

G 

A 

B c 


9 10 16 9 10 9 16 

8 is 8 8 15 

The numbers in the last row represent the intenils between each succes- 
she pair of notes, fhey are obtained by dividing each number in the top 

row by the one before it. Thus the inters al r m is equal to — or — 

=7 9 

This IS not quite the same as the preceding intenal but both are 

known as /ows The interval ^ is called a semt lone Thus the major 

diatonic scale consists of 1 senes of intervals m the following order two 
tones and a semi tone, three tones and a semi lone 

49 A Harmonic Series is a senes of notes whose vibration-numbers 
are m the following proportion — 

123456 

All the notes in such a senes (at any rate up to the sixth) hirmonise 
well with the first (or fundamental) note and with each other It will be 
a useful exercise to find out the relations between these notes 

Let us call the lowest or fundamental note d The iiitcrvil between 
this and the ne.xt note is an octave hence the second note 

IS d' The third note is a fifth above the second or a twelfth 
above the first, it is therefore the note s' The fourtli note is an 
octave above the second or two octaves (A) above the first , 

t is therefore d" riie fifth is a major third above the fourth, and is 
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therefore m" The sitth is a fifth above number 4, and is there 

fore s" Thus the first six notes of the harmonie senes are 

123456 

d d' s' d" m” s" 

C c g c' e’ g' 


Exajiples on Chapter V 

1 Tile humming of insects is caused bj the beating of their wangs and 
the hum of a gnat is a much higher note than that of a blue bottle. To 
what conclusion does this fact piomt? Desenbe an expenment which 
supports your explanation 

2 A cog-wheel containing 64 cogs revolves 240 times per minute. 
What IS the frequenc) of the musical note produced when a card is held 
against the revolving teeth? Find also the wave length corresponding to 
the note if the velocity of sound is r 126 4 feet per second 
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50 By a stnng is here meant any elastic and flexible cord 
(such as the t^'isted cat-gut used m violins) or metallic wire 
stretched between fixed supports When such a stretched 
stnng IS pulled to one side it tends to return to its position of 
rest When let go it flies back, but, like a spnng or pendulum. 
It overshoots the mark, and goes on swinging from side to side 
A stnng can be set into vibration by stnking, plucking, or 
bowing It The vibrations thus produced are tjaltsvetse vibta- 
tiofis, and these aie the only ones that we shall consider 
The vibrations are further said to be stationery certain points 
{eg the fixed ends) remain permanently at rest These pomts 
are called nodes 

We shall see presently that a stnng may vibrate transversely 
in many different ways, dividing up into a number of smaller 
vibrating parts or segments The low est or fundamental note 
of the stnng is produced when it vibrates as a uhole (or in one 
segment) In this case the only nodes are at the two fixed 
ends All other points are in motion, and the amplitude of the 
motion IS greatest at the centre, which is called an anttnode 

51 Laws — The number of vibrations executed per second 
by a stnng when sounding its fundamental note is found to 
depend upon 

(1) Its length 

(2) Its diameter 

(3) Its density 

(4) The stretching force 
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The laws (expressed wnth reference to the vibration number) 
are as follows — 

I The \nbration-number is inversely proportional to the 
length of the string 

II It 15 inversely proportional to the diameter 

III It IS directly proportional to the square root of the 
stretching force applied 

IV It IS inversely proportional to the square root of the 
dehsity of the stnng 

All the laws are included m the equaticm^ 

which gii es the i ibration-number of a stnng of radius r, and length /, and 
density d, stretched b} a force F 

The \iolin supplies us wnth a general illustration of all the 
above laws The first law is illustrated by the w'ay m whicli 
the violinist ‘ fingers ’ a stnng — shortening of lengthening the 
vibrating portion so as to get different notes out of the same 
string The second law is illustrated b> the different thick- 
nesses of the three upper stnngs The third law is illustrated 
by the way m which the nolm is tuned, viz by twisting each 
stnng about a tightening-peg The fourth law' is indirectly 
illustrated by the construction of the lowest or bass strmg, which 
IS ivrapped round with metal wire 

62 The Sonometer — For the purpose of venfying the 
above laws we make use of the sonometer — an instrument 
which IS so called because it can be used for measunng the 
pitch of a sound Fig 16 show's a sonometer consisting of a 



hollow sounding box on which are stretched one or inoie strings 
(or w'lres) Under the ends of the stnngs are placed wedge- 
shaped pieces of hard w'ood called ‘ bndges ’ one of these 
should be movable, so that the length of the vibrating portion 
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of the stnng can be altered at will For the purpose of ven- 
f)ung Law III, one string should be stretched by n eights 
hanging over a pulley It is convenient to make the full length 
between the bndges just a metre, and to have a metre scale on 
the sonometer ' 

A sonometer siuuible for the following experiments can be made of a 
board 3 ft 6 in long 4 in broad, and 2 m thick This should be firmly 
fixed to a wall, nearlj vertical but with the bottom sloping slightly out 
wards, so as to make the wires bear against the lower bndge The upper 
(fixed) bridge is made by bevelling a piece of hard wood 3 in long and 
I in square, and facing the sharp edge with brass w ire. Two smaller 
movable bndges of the same kind ire made for the lower ends Two 
fine piano-wires or viohn-stnngs are fixed to the board above the upper 
bndge the lower end of one of these is attached to an iron screw or 
WTest pin, which is used for tightening the wire This wire can be used 
as a standard of reference, e g h-^ tuning it to unison with a fork To the 
lower end of the other wire is attached a hook or strong scale pan on which 
weights are placed or a bucket into which water is poured may be used 
instead of weights 

63 Venflcation of the LawB — We can now proceed 
to venfy by expenment the first and third laws stated m Art 
51 The law of lengths can be tested with both ease and 
accuracy 

Expt 20 By adjusting the weights on the one wire or the 
tension on the other, tune the two to unison, using the full 
length of the wire (100 cm ) Call the note, d. Consider how 
much the wire ought to be shortened to give the note m (a 
major third above d.) The intennl between the two notes, or 

ratio of their vibration-numbers, is ^ Now' the law says that 

the pitch IS inversely proportional to the length of the w ire 
Hence it ought to be shortened to four-fifths of its onginal 

length to give the note m, and ^ of 100 is 80 Shift the 

movable bndge until the length of the v ibrating portion of the 
wire is So cm Pluck the wire and compare the sound with 
that given by the reference wire (d) You will find that tlie 
note IS m 

Try the other notes of the major chord (s and d') You 
will find that s is given when the length is 665 cm (100 
>^3 = 663), and d' when the length is just 50 cm fjoox 

i = 50) 
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It \vtll be a good exercise for jou now to tune the wire to any note in 
the scale by ear onl\ companng it from time to time with the reference 
note (or tonic), and shifting the bridge up or down till you exactly hit the 
note you want then measure the length and compare it with that required 
by theoiy Go through all the notes of the scale in this way and enter up 
your results in your note book in three columns the first giving the name 
of the note the second the length of wire found by intl, and the third the 
calculated length 

You wall easily see from the values of the intervals gi\en in \rt 46 that 
the lengths required for the various notes (the fundamental being taken as 
TOO cm ) should be 

drmfBltd' 

CD E EGAS c 
100 88 8 80 75 66 6 60 53 3 50 

It IS onlj as a matter of convenience that we hate taken the length of 
the slnng to be 100 cm to start with For any given interval the lengths 
would be found to have a constant ratio whatever the onginal length of 
the string 

E\pt 21 — Shift the bndge step by step so as to reduce the length of 
the wire to ^ ^ Observe that the notes produced form the 

harmonic senes descnbed in Art 49 

Exft 22 — The follotvnng expenment may now be made to 
illustrate the relation betw'een pitch and stretching force (the 
length being kept constant) 

First hang a 7 lb weight to the wire, and then substitute 
for this a 28 lb weight The note produced in the second 
case IS an octave above the first This is clearly in accordance 
with the law, for the weights are m the ratio of i to 4 and 

I =12 

Again, hang on the wire in succession weights of 4 lbs and 
9 lbs (or in this proportion) The square roots of these 

numbers are 2 and 3 The interval | is a fifth (cL s) Try 
whether the notes bear this relation to one another 

54 . Other Modes of Transverse Vibration Over- 
tones — We have as yet considered only one mode of vibration 
of a stnng, viz. that in which it vibrates as a whole, as indicated 
in the accompanying figure (Fig 17, I) It then produces its 
lowest or fundamental note. But any stretched stnng may be 
made to divide up into a number of vibrating segments For 
example, suppose the stnng to be lightly touched in the centre, so 
as to hinder or ‘ damp ’ the vibration at this point If now it is 
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bowed at a point midw'ay between the centre and one end, it 
w’lll divide into tw'o vibrating (or ventral) segments (Fig 1 7, II) 



I 




ET 


IF 

Fig 17 

separated by a node In Fig 17, II there are three nodes, 
and Ng at the ends, and Ng at the centre Midw'ay between 
the nodes (at and Ag) come the points at which the amplitude 
of vibration is greatest these are the anitnodes 

Again, if the stnng be damped at one-third of its length, 
and bowed midway betw'een this and the nearer end, it will 
divide up into three vibrating segments, as shown in Fig 1 7, III 
The evistence of nodes and antmodes can 
be shown, and their positions found, by hang- 
ing over the stnng light paper riders (Fig 1 8) 

These are jerked off at the antmodes, but Fig 18 
remain undisturbed (or nearly so) at the nodes 

When a stnng is made to Mbratesuccessnelj in i, 2, 3 4 \ibnting 
segments, the notes produced form the harmonic senes referred to m 
Art 49 For when the stnng dmdes up into 2 3, 4 segments 

each may be regarded as being virtually a separate stnng of the same 
matenal, and stretched bj the same force, but of ^ the length 

of the whole stnng Hence b> our first law the wbraUon-number is 2 3, 
4 times that of the note produced when the stnng nbrates as a whole. 

The latter is called the fundamental and the others the overtones 

E\pt 23 — Tune the two stnngs on the sonometer to unison again 
The length is not of importance but we shall assume it to be 100 cm 
Call the note produced d. Damp one of the stnngs by touching it lightly 
with a feather at the centre (50) Bow it midway between this and the 
end It now gives the note d*, an octa\e abo\e the first. 

Damp It at 33J cm , corresponding to the point NC in Fig 17 III 
Bow It midway between this and the end (at Aj) It gi\es the note s' 
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Rcpcit this having first placed light paper nders at Nj and Aj After 
a little practice )on mil cosily unhorse the first and last mthout disturbing 
the second 

By damping the string at 25 '^tn , 20 cm and 16^ cm , the overtones 
d", m”. and s" can be obtained 

SB Quality of Tone — Overtones arc almost invanably present together 
with the fundamental note produced by a string, and upon the number and 
relative strength pf the ot erioncs depends the qualit) of the tone produced 

Thin and tightly stretched mcuallic wares easily give a large number of 
overtones and the presence of these can easily be detected by the unaided 
ear, even when the stnng is not specially damped at any point High 
overtones are more readily produced by bovvmg a stnng than by -^tnUing 
It with a soft hammer or plucking it vvath the finger more readily still by 
plucking with the finger-nail or stnking with a hard-pointe<l instrument, 
when the quality of the sound becomes poor and ‘tinkling This effect 
can be observed in pianos as the soft padding of the hammers wears out 

Again, tlie point at which a string is plucked or bowed exercises an 
important effect on the overtones produced for any overtone which has a 
node at the point must necessarily be absent In pianos the hammers ore 
generally made to strike each stnng at one seventh the length from one 
end the note produced includes all harmonics up to the sixth 

L\ampi ks ox ClIAITtP VI 

1 What vorietv of notes con you get out of a stretched stnng vnthout 
altcrifig us tension or length ? kkliatwill be the effect of halving us length 
by 1 fixed bndge? 

2 Desenbean instrument by which the pitch of the notes emitted bv 
two vibrating stnngs may be compared If they were different, how would 
y ou attempt to bnng them into unison ? 

3 Two precisely similar stnngs A and B nre stretched by equal 
weights, and of course give the same notes when plucked If tlie weight 
attached to A is doubled and the length of B is halved how must the 
weight attached to B be altered to make it give the same note ns A? 

4 Explain the character of the vabration of a stretched vaolin stnng 
WTial effect is produced by touching it at onc-third of its length from one 
end? 

5 A and B are two wires of the same matenal and thickness A is 2 
feet long and is stretched by a weight of pounds B is 4 feet long, and 
stretched by a w eight of 34 lbs How are tlie notes vv hich the wires yaeld 
when struck related to one another? 

6 A steel wire, one yard long, and stretched by a weight of 5 lbs , 
vibrates too times per second when plucked If I wash to make two yards 
of the same ware vibrate twice as fast, vv ith vv hat weight must I stretch it ? 

7 ^ vibrating stnng is found to give the note f when stretched by a 
weight of 16 lbs What weight must be used to give the note at and 
what additional weight will give c't 
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66 Forced and Free Vibrations — We have already seen 
that the sound produced by a tuning-fork is greatly strengthened 
by the use of a sounding-box The same pnnciple is employed 
in the construction of violins and pianos The sounding- 
boards of such instruments are made of thin elastic wood, which 
admits of being thrown into a state of forced inbratio7i corre- 
sponding to any note ivithm the range of the instrument 

But, in general, every elastic body has certain modes of 
fee vibration which are natural to it, and can be easily excited 
m It by even slight impulses if they ai e repeated at the proper 
internals 

We may illustrate the difference between the two things as 
follows A child who knows how to manage a swing can set it 
swnging through a large arc without any great effort by timing 
his impulses so as to comade with the natural penod of vibra- 
tion of the swing On the other hand, if he wnggles about 
irregularly, one impulse may destroy the effect of the preceding 
one, and the result is simply a slight and fitful jerking 

This pnnciple of the accumulation of small impulses enables 
us to explain a number of phenomena vhich are classed under 
the general heading of resonance or co-vibration 


57 Sympathetic Vibration of Tuning-Forks — One 
of the most staking instances of co-vibration is afforded by the 
fact that a vibrating tuning-fork is able to throv into vibration 
another fork m Its neighbourhood, pioT.nded both are adjusted 
to exactly the same pitch The two forks should be placed 
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wth the open ends of their sound-boxes facing each other 
(Fig 19) One of them should be strongly bowed and then 
brought to rest by touching it with the finger On placing the 
ear close to the other fork the same note will be heard. But 
for class purposes it is best to place in contact with one prong 
of the second fork a light indicator, such as a microscope cover- 


r\ 



Fig 19 


glass or small cork ball (varnished to make its outer surface 
hard), suspended by a silk fibre 

If one of the forks be made to ribrate more slowly by 
loading its prongs ivith w a.x, the experiment no longer succeeds 
This shows that it is essential to have the two forks exactly in 
unison The energy given out by the first fork is earned 
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through the air m the foim of sound-whves, and taken up by 
the second fork 

68 Besonance of Air-Colnmns — An easier way of 
illustrating the phenomena of resonance is by making a tuning- 
fork set a column of air into vibration 

Expt 24 — All that IS required is a tuning-fork, some water, 
and a narrow cjdmdncal vessel such as a gas- 
jar (Fig 20), or a glass tube that can be lowered 
into water If the foric is a C fork (256 vibra- 
tions per second), the gas-jar should not be 
less than about 40 cm deep 

Stnke the fork and hold it over the mouth 
of the jar , there will be some increase in the 
loudness of the sound Gradually pour water 
into the jar , when it reaches a certain depth 
the sound swells out m a marked manner 
When this point is overstepped the resonance 
gradually diminishes 

Try another fork of different pitch you 
vnll find that the length of the air-column whidi 
gives the best resonance is greater or less “• 

according as the pitch is lower or higher 

Thus there is a certain length of air-column which most 
loudly reinforces the note of a given fork and conversely an 
air-column of given length is most easily thrown into vibration 
by a note of given pitch, and can be used as a ‘ resonator ’ for 
reinforcing that note or detecting its presence 
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50 Stationary Vibration of Spiral Spring — We have 
already made use of the wave-machine descnbed on p 238 to 
illustrate how progressive waves (or successive pulses of con- 
densation and rarefaction) travel along air m a cylmdncal 
tube, and how they are reflected (p 250) We can also use 
the same spiral spnng to illustrate how successive pulses of 
compression and rarefaction applied at proper intervals to one 
end of a tube are able to set the air wthm it into a state of 
stationcuy vibration 

Expt 25 — Fix one end of the spiral, say the left-hand 
end, as m Expt 1 1 (p 250) Start a pulse of compression 
from the right-hand or free end It is reflected back, still as 
a compression, from the fixed end When this pulse reaches 
the free end the outer coils, having no pressure from'itlier coils 
in front to resist their motion, swing freely outwards (to the 
right) Meanwhile the coils just behind them are beginning 
to swing back (to the left), so that at the free end the pplse of 
compression is converted into a pulse of rarefaction, or reflected 
with change of type The pulse of rarefaction travels along 
the coil, is reflected without change of type (but with change m 
the direction of motion) at the fixed end, and m turn is reflected 
wth change of tj'pe from the free end This process goes on 
until the motion gradually dies out 

Next, suppose that instead of a single pulse we have a senes 
of alternate pulses of condensation and rarefaction sent along 
from the free end Corresponding to this senes of incident 
waves there will be a senes of reflected waves travelling in the 
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opposite direction from the fixed end The displacement at 
any point of tlie spiral ivill be the resultant of the displacements 
due to each set of waves separately If both tend to produce 
displacements in the same direction, the resultant will be the 
sum of the separate displacements if both tend to produce 
displacements in opposite directions, the resultant wiU be the 
difference of the separate displacements The two sets of 
waves are said to interfere with one another In general the 
interference is partial When the separate displacements are 
equal but in opposite directions, the interference is complete, 
and the particle or coil remains at rest 

The behaviour of opr spiral coil under the influence of the 
two sets of waves will clearly depend upon where and under 
what circumstances they meet Under certain conditions the 
coil may be put into a state of stationary (longitudinal) vibration 
corresponding to the stationary (transverse) vibration of a 
stretched stnng When this happens it is clear that the fixed 
end must be a node, for no motion is possible there , and we 
may reasonably expect the antinode to be at the free end 

The necessary conditions may be found as follows Take 
hold of the nght-hand (free) end, and send a gentle pulse of 
condensation along the coil Without removing your hand, 
watch the reflected pulse of condensation, and, just at the 
instant w'hen it arrives at the free end, pull the coil outwards 
as in producing a pulse of rarefaction Then again push it 
inwards just in time to meet the reflected pulse of rarefaction, 
and so on. After a little practice you wall be able to throw 
the coil into a steady state of stationary vibration, which 
lasts for some time after your hand is removed Carefully 
examine the nature of the motion Notice that at the fixed 
end the coils are alternately crowded together and then 
drawn apart these changes of relative position correspond 
to changes of density in the case of air At the free end there 
IS no change of density, but the amplitude of vibration is 
greater than at an> other part of the spiral the coils swing 
freely backward and forward, but remain at the same distance 
apart You have produced a stationary vibration with a node 
at the fixed end and an antinode at the free end 

A node is a place where there is no motion, but whete the 
changes of density a/egi eatest 

T 
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An aniinode ts a flace where there ts no change of denstig, 
but where the amplitude of vibration is greatest 

60 Both. Ends Free — The spiral coil can also be throwTi 
into a state of stationary vibration when both its ends are free 
The ends now arc antinodes and the centre is a node for, as 
mil be shown by the follomng expemnent, the two sets of waves 
travelling m opposite directions always produce complete inter- 
ference at the centre, so that it remains permanently at rest 

Expt 26 — Take bold of both ends of the spiral and push 
them gently inwards You thus produce two pulses of con- 
densation which meet in the middle and cross over to either 
end Just when these amv'e at the ends, assist the motion by 
pulling both ends outwards After repeating this process two 
or three times y ou oin take your hands aw ay from the coil, and 
Its two halves wall go on steadily vibrating m and out. The 
motion may at first sight remind you of the way in winch a 
concertina opens and shuts but there is this essential difference 
The rarefactions (when the ends swing outwards) and con- 
densations (when they swing inwards) are not uniformly 
distnbuted along the spiral They are greatest at the centre, 
which remains stationary, whereas at the ends, where the 
motion is greatest, the coils always remain at tlie same distance 
apart The v ibration takes place m such a way' that there is 
a node at the centre and an antinode at each end 

Observ'e that the rate of vibration is twace as great as in the 
last expenment (one end fixed) 

61 Wave-Length. — In the case of a spiral wath one end 
fixed, the wave-length is four times the length of the spiral 
Dunng the time of a complete vabration the wave trav'els four 
times across the spiral F irst (as the outer coils move inw’ards) 
there is a pulse of condensation, which travels to the fixed end 
and IS then reflected back to the free end Next (as the outer 
coils swing outwards) begins a pulse of rarefaction, which 
similarly trav els to the fixed end and back Matters are now 
in the same state as at the start, and the same process is 
repeated 

YTien both ends are free the wave-length is twice the length 
of the spiral For, on account of the change of ty’pe which 
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occurs m reflection of a pulse from the free end of a spiral, the 
pulse has only to travel twice across the spiral (to the end and 
back) in order to get back to the condition in which it 
started 

62 Resonance of Air-Oolumns — The resonance of an 
air-column (Art. 5^) is due to a stationarj' 
vibration of the air produced by the tuning- 
fork or other source of sound If the 
column of air is contained in a tube closed 
at one end, the air moves just m tlie same 
V ay as the spiral in Expt 2 5 

Suppose one prong of the tuning-fork 
to be moving doivnward from a' to a" (F ig 
3i) In so doing it produces a pulse of 
condensation which runs donm the tube 
and IS reflected up from the closed end 
From what has been already stated it will 
be clear that the necessary condition for 
reinforcement of the sound is that this 
reflected pulse should reach the open end 
of the tube just as the prong begins its return journey from a" 
to a' , the air will then be moving m the same direction as the 
prong Notice that the reflected pulse of condensation reaches 
the open end just as the fork is beginning to send down a pulse of 
rarefaction , owing to the interference of these two the density 
of the air at the open end remains unchanged. Noiv a pulse 
of rarefaction starts dorni, is reflected from the closed end, and 
meets the prong just after it has completed a vibration It is 
now once more starting from d to d' and sending dowm another 
pulse of condensation In the time required for a complete 
vibration we have had a pulse of condensation and then one of 
rarefaction, each travelling trnce the length of the tube Imagine 
the bottom of tlie tube knocked out and you wall easily see that 
m the interval betw-een tw'o successive and similar pises (say 
of condensation) the ware would have travelled forward through 
a distance equal \.q four hmes ihe length of the tube This, 
then, IS the wave-length of the note which the tube reinforces’ 
If / be the length of the tube, the wave-length is A. = 4/ 

In the case of a tube open at both ends the air moves like 
the spiral m E\pt 26 The wave-length of the note which it 
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reinforces is only Mmcc the length of the tube, or A = 2/ 
Hence an open tube nhich is to resound to a giv^en note or 
given tuning-fork must be tmee as long as tbe corresponding 
closed tube. Imagine the closed tube m Fig 21 replaced by 
an open tube twice as long, and let the prong of the fork be 
moving downwards In the time that it takes to go from cl to 
a" the pulse of condensation wall have traielled the lengtli of 
the tube It is reflected from the open end "ivtih change of type, 
* r as a pulse of rarefaction, and m the time that the prong 
takes to go from «" to a' this pulse w’ll have travelled to the 
top of the tube. Here it is reflected as a pulse of condensation 
which coincides with that produced by the fork as it begins its 
ne.xt vibration Thus the conditions for resonance are fulfilled 
The open ends of the tubes are antmodes and there is a node 
at the middle of the tube 

Hints for Experiments — As a closed resonator of adjustable length 
jou ina> use a glass tube closed at one end by a cork (Fig 31), which can 
be pushed m or out until the ma.\imum resonance is obtained For an 
adjustable open resonator make a paper tube which wall just slip over the 
gloss tube, and slide tins m or out as maj be required Venfy b\ experi- 
ment the statement that the length of the ojaen resonator is double that of 
the closed one For a c fork (h=2$6) you wall find that the length of the 
closed resonator is about 33 cm while that of the open resonator is about 
66 cm Both results indicate that tbe wane-length in air of the note c 
IS 132 cm (4x33 = 2x66 = 132) 

Assuming that the vibration-number of the fork is correct, you can 
proceed to calculate from jour e.xpenment the \elocitj of sound in mr 
For we ha\e seen (Art 16) that the velocitj in any medium is given by the 
equation v=n\ Here n = 2^6, X=i32 cm and v^ss6yr3Z = 
33 792 cm per second. 

The same equation shows that « = ^ As the velocitj in any given 

medium (say air) is constant and independent of the pitch, it follows that 
the vibration-number of a given note is inversely proportional to its wave 
length m that medium Hence also thevibmtion number (or pitch) of the 
note to which a tube resounds is invcrscl} proportional to the length of the 
tube 

Now this note is precisclj that which the air column emits on its own 
account when it is thrown into a state of stationarj' vibration Such vibra- 
tions are easily produced by blowing across the edge of a tube, — say a 
glass tube about i cm in diameter Take a tube 33 cm long close the 
lower end with your thumb and blow across the upper edge it gives the 
note e A tube tvvace as long open at both ends giv es the same note. The 
latter tube (66 cm ) closed at one end gives the note C, an octave below 

63 Organ-Pipes — Fig 22 illustrates the construction of 
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a common form of organ-pipe mth a ‘ flue ’ or ‘ flute mouth- 
piece, -nhich IS \er}' much like that of an ordinarj^ whistle 
The air passes from the wmd-chest through the conical 

tube at the bottom of the pipe, 

escapes through a narrow honzontal ^ 

sht and stnkes against the sharp ’ ^ n _ , 

bevelled edge opposite, which is - M |B' - ^ 
called the //^ The air escapes in * ^ ;; 

an intermittent maimer, wath a rush- |fi i 

mg noise, due to a mixture of nbra- K |9| '' [ 

tions of different frequenaes The ^ ' 

air-column selects out of these the ’ 

particular one which it reinforces, w - 

and when this happens the pipe & |B , 

speaks or emits a note - ’ 

The pipe shown in the figure is * ^ 

an open pipe It is open to the air ^ ^ 

at the bottom (below the hp) as v ell ^ 26 C 

as at the top, and both of these ' _ p M 1 ^ 

places are antinodes There is a ' * 

node in the rmddle of the tube (see " ^ 9 

A pipe which is closed at one R fl ) 

end (the top) is called a closed or 
stopped pipe There is alwajs a 
node at the closed end of the pipe, 

for the air there cannot raoie. l|'j| 

The open (or mouth) end is an Itn 

antinode, for the densitj of the air 

there remains constant and equal T 

to that of the air outside The ^ 

note emitted b}' a stopped pipe is 

alwajs an octa\e below that emitted by an open pipe of the 
same length 

64. Overtones of Pipes — Quality — The modes of iibraiion above 
described are those of pipes producing their lowest or fundamental note 
But be blowing into a pipe more strong^ it may be made to jump or 
produce one or more overtones The senes of overtones product bj 
overblowing a stopped pipe is not the same as for an open pipe. In dis 
cussing the possible overtones in either case we must remember that as in 
the case of a s rmg vibraling in segments, the nodes and antinodes follov 
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each other at regular intertils, and that the distance from a node to the 
nearest antinode is quarter of a \va\c-lcnglh 

Oper Pipes — (Fig =3) "Fhe ends of an open pipe are aU\a>s 
antinodes When the fundamental note (1) is sounded there is a node 





■Aa. As As A^, 

Fig 0\ Erro lES op Opls PirE. 


(Ml) at the centre and the Icngtli of the pipe is half the wasa: length ol the 
note hen the first oicrtonc (11) is produced, a fresh antmode appears 
at A; iMth nodes at iSj and N; Tlic air column diiadcs into tno equal 
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aabrating segments and the n ai c length is half that of the fundamental 
When the second oiertone (III) is produced the column diiadcs into three 
equal sibrating segments and the \va\c-lcngth is one third that of the funda- 
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mental Ihus the possible overtones (together with the fundamental) 
include the whole harmonic senes of Art 49 (i, 2, 3, 4, 5. 6 ) 

Stopped Pipes — (Fig 24) In the case of a stopped pipe there must 
always be a node at the stopped end, and an antinode at the open end 
Thus when the fundamental (I) is produced, the length of the pipe is a 
quarter-ivave length The even harmonics in the senes of Art 49 (r e 
the successive octaves 2 4, 6 ) are absent from the jjossfble over- 

tones The first possible dmsion into segments is that shown in Fig 24 
II, with nodes at Nj and N3 and antinodes at Aj and Ao , the pipe then 
includes three quarter-wave-lengths The next division is shown m Fig 
24, III, when the pipe includes five quarter wave lengths The correspond- 
ing vibration-numbers are i, 3, 5, 7 

Some of the overtones are generally present, together with the funda- 
mental note of any pipe, and upon their number and relative strength 
depends the quality of the tone produced. We may clearly expect the 
quality of tone of a stopped pipe to be different from that of an open pipe 
Again, the quality depends upon the form of the pipe eg a narrow 
pipe more readily yields harmonics than a wide pipe, especially a wide 
stopped pipe 

66 Vibrations of Rods — Rods of glass, wood, brass, etc , may be 
made to vibrate longitudinally and produce musical notes by rubbmg them 
in the direction of their length A glass rod may be thrown into a state 
of vibration by drawing a wetted cloth quickly along it , a rod of wood or 
brass by means of a cloth dusted over with powdered resin The 
vibrations produced are stationary vibrations similar to those of organ 
pipes and following the same laws If the rod is clampetl at the centre it 
vibrates like the air m an open pipe with a node at the centre and 
antinodes at the ends If it is clamp^ at one end, there is a node at that 
end and an antmode at the free end, as in a stopped pipe. 

Examples on Chapters VII-VIII 

1 Uponwhat physical properties do (i) the loudness, (2) the pitch of a 
musical note, depend ? Two organ pipes of the same length are one of 
them open and the other closed , how are their notes related as reg^ards 
pitch ’ 

2 Desenbe the state of disturbance of the air in a pipe closed at one 
end, when it resounds to a tuning-fork which is held over it State the 
relation between the length of the pipe, the pitch of the note, and the 
velocity of sound m au: 

3 State how the air moves in different parts of a tube i ft long, open 
at both ends, when sounding its fundamental note. VTiat note docs it giv e ? 

4 A glass rod 5 ft long is clamped at its centre, and rubbed longi- 
tudinally with a wet cloth State how it nbrates when thus treated, and 
calculate the velocity of sound in the glass, if told that the above rod makes 
1295 complete vabrations every second 

5 Find the length of a closed organ pipe which when blowai at 15° 
gives the note c (256 vibrations per sec.) 



ANSWERS TO EXAMPLES 


ClIAPThRS I-IV (p 254) 

1 Scepp 24, 25, 233 2 See Art 10 3 SceArt'; 23,37 

6 bee pp 246, 249 9 4375 ft , 4422 ft 10 1123 ft 

per see 11 20° 


Chaiti r V (j) 262) 

2 256 \ibrations per second , \\a\c length =4 4 ft 


Chwtlr \ I (p 268) 

3 The weight attached to 1 $ must be hahed 6 They 
yield the same note 6 So lbs *7 25 lbs , an additional 
1 1 lbs (t c total w eight = 36 lbs ) 

Chapters VJIVllI (p 279) 

1 See Arts 7, 10, 40, 63 2 Sec Arts 62, 63 3 The 

note depends upon the ^ clocity of sound in air, and this again 
upon the temperature If we take it to be 1 1 16 ft per second 
(p 246) the vibration number of the note would be 558 4 . 

The wa\ e-length of the note in glass is 10 ft (twice the length 
of the rod) The ^eloclty in glass is 7' = «X= 1295 x 10 = 
12,950 ft per second 6 i 09 ft, or 33 2 cm See Ev 3 
and p 246 



INDEX 


[Numbers refer to Pages] 


Akolute temperature, 32, 33 
A^rpuon and radiation, 103, 116 
AbsorpUve power, 101 
Air thermometer, 34 
Air thermoscope, 5 7 
■^phtude of sibration, 230 
■Mgle, critical, 179 
^tmodes, 267, 274, 278 
Aqueous vapour in atmosphere, 72 
Atmospheric pressure, 28 


Baroheter, 28 
Boiling, laws of, 68 
Boilmg pomt, 56, 60 
Bo>les law, 29 
Breezes, hnd and sea, 106 
tiunsen s photometer, 127 

Cajiera, photographic, 213 
^Paat>, thermal, 45 
^tigrade scale, 10 
paries slaw, 31 
j-oord, common or major, 258 
Uouds, 108 j * 5 

"-atches, 18 

J:;Onduction, 70 

^nvection, 79, 89 
CnucJ angle, 1^ 

^ryophorus, ^ 

Daniell*s hygrometer, 75 
lamp, 84 
^nsit>, 24, 25 

n Ti PO‘nt, 75 

Diathermancj, 104 
jliatomc scale, 257 
Iciness hjgrometer, 76 
Dispersion, 218 


Echoes, 231 
Eiclipses, 121 
Elastiatj , 233 
EmissiTO pou er, 103 
Evaporation, 56 cooling effect of, 68-70 
Expansion, 4 linear, 14 , coefficient of, 
16 superficial and cubical, 20, real 
and apparent, 22 of water, 24 , of 
gases, 27 36 , on freezing, 33 
Eje, 213 

Fizeau (\eIonty of hght), 132 
Flames, sensitive, 251 
Focal length of mirror, 149, 161 , ol 
lens, 194, 203 
Freezing mixtures, 32 
Fusion, 48 , latent heat of, 30 

Gases, properties of, 27 
Gulf Stream, 96 

Harmo ncs or oiertones, 261, 266, 26S 
Heat, specific, 40 , unit of, 40 
Hope s experiment, 23 
Humidit>, 74 

Hj-grometers Daniell s, 75 , Dines s, 76 , 
wet and drj bulb, 77 

Ice Calorimeter, 51 
Images produced by small apertures, 
118 , bj plane mirrors, 142 bj sphen 
cal mirrors, 155 166 , bj lenses, iqo- 
210 

Index of Refraction, 172 
Intensity of illumination, 123 , of sound 
335. 244 

IntenaLs, musical, 237 260 
Inserse squares, law of, 124 

LA^TER^, optical, 212 
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Laplace a correction, 248 

Latent beat, 49 , of water, 50 , of steam, 

65 

Laus Boyles, , Charless, 31, of 
ebullition, 63 , of inverse squares 124, 
of reflection, 137, of refraction, 272 
Lenses, 291 , convex 199, concave, 200 
Light, 115 rectilinear propagation 01, 
117 vcloatj of, 131 , reflection of, 
J35 , refraction of, 169 

Maximum pressure of vapour, 58-60 
Melting point, 48 

Microscope simple, 307 compound, 215 
Minimum deviation, 189 
Mirrors, plane, 136, sphcncal, 148, 
concave, 149 convex, 165 
Musical intcrvalsand scale, 257 

Newtos s expenraent 317 formula, 
216 

Koacs, 367, 273 
Opera-glass, 216 

Optical bench, 129 centre, 193 , lantern, 
212 

Organ pipes, 276 

Overtones or narmonics, 261, 266 , of 
strings, 267 , of pipes, 278 

Pf iDULV If compensated, j 8 
Phase, 240 
Photometry, 123 
Pitchj 234, 255 

Pnnapal focus of mirror, T49 of Jens, 
194 

Quai itv of tone, 26B, 279 
KAniATir c power, 103 


Radiation, 79, 97, trs 
Ram, 109 

Reflection of radiant heat, 99 of light 
235, total, i8r , of sound 251 
Resonance, 269, of air-columns, 271, 275 
ROmcr (veloaty of light), 131 
Rumford s photometer, 225 

Safety lamp, 84 
Saturated vapour, 59 
Scale, diatonic, 257 
Sensitive flames 251 
Shadow, 120 photometer, 125 
Siren, 256, 250 
Sonometer, 264 
Specific heat, 40 
Spectrum, 217 , pure, 219 
Stationary vibrations, 263, 273 
Steam, latent heat of 65 
Strings, vibrations of, 263 

Telescope, 214 

Temperature, j, 39 , absolute, 33 
Thermal capacity, ^5 
Thermometer, B diflcrcntial, 34 
Total r^fltcUorif 281 
Trade winds 107 
Transmtssive power, J04 

Uj it of heat, 40 

Vapoitf ffessuee, 57, maximum, 58 
Veloaty of light, 131, of sound, 245 
Vibration, 230, stationary. 263, 272 
'V'^irtual images produciy by mirrcrs 
141, J59 206 f by lenses, 207, 209 

WatEF, maximum density of, 24 26 
specific heat, 46 , latent heat, 50 
Wave line, 234 , wave length, 239, 276 
Weight thermometer, 23 
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